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The aging population of Japan is now becoming an aging society with an older population exceeding 25%. For this rea-

son, it is necessary to develop an environment to support elderly people’s in their daily lives. Recent advances in infor-
mation technology are remarkable, and the social needs of Internet of Things(IoT) and artificial intelligence (AI) technique 
of a living space for coexistence with a robot and have actively participated in conferences and submitted publications 
both domestically and abroad. 
In this paper, we aim to construct a spatial intelligence system in which robots and information and communications 

technology (ICT) cooperate in a living space to support elderly people. Specifically, we conduct research on the commu-
nication, security, and support services between an elderly person, robots, and ICT as living support. From the results 
received of a survey given to elderly people, it is clear that the needs for the above three systems is particularly high for 
the elderly. Therefore, we are conducting research towards the development of “Intelligent Infill” which constitutes the 
space which carries out the three services. “Intelligent Infill” constitutes a space equipped with AI such as a robot and ICT. 
We will build an “Intelligent Infill” model that supports communication, security, and support services for the elderly with 

high needs, and determine what can be disseminated to society by examining the service contents and implementation 
system. 

 
Keywords: Living space, Elderly person, Life support, Information and communications technology, 

 Artificial Intelligence 

 

1. Introduction 
As the socio-economic situation in Japan rapidly 

changes, namely, the population and birthrate are 
declining while the population is aging, the needs 
concerning housing are steadily diversifying. In 
March 2016, the Ministry of Land, Infrastructure and 
Transport presented the direction of a new housing 
policy in a plan called “Basic Plan of Housing Life” 
[1], which took on the social problems of declining 
birthrate and population head on. In that plan, 
housing-related businesses such as “IoT housing” 
(remote power saving, watching over devices, etc.) 
were created as new markets, and the direction to 
revitalize the housing industry was presented. It is 
expected to promote how to create and expand new 
business markets related to housing. Future tasks to 
be tackled from the viewpoint of construction are to 
establish a manner of housing in which elderly 
people can live with peace of mind, to improve the 
quality of existing living spaces, and to create new 
markets for living-related businesses such as IoT 
housing.  

In the meantime, advances in ICT (information and 
communication technology) are remarkable, and the 
social needs that can be met by robots are also 
growing. According to the “Future Investment 
Strategy 2017” [2] formulated by the Cabinet Office 
of Japan, the market size of robotic nursing-care 
equipment was about one-billion yen in 2012, and it 
is expected to expand to about 50-billion yen in 2020 
and reach about 260 billion in 2030. What’s more, 
the predicted penetration rate of domestic 

communication robots in households is expected to 
reach 5% by 2020. (Note that by 2020, the number 
of households in Japan is estimated to be about 53 
million, 5% of which—about 2.65 million 
households—will utilize robots.) Robots that support 
the diverse needs of people in future living spaces 
are expected to support people’s lives. And one way 
to support people’s lives is to provide services in 
which robots collaborate with architectural space. In 
this study, we focus on the possibility of applying 
“spatial intelligence” [3], which is defined as 
intelligence ranging from that of a robot itself to that 
of its environment (including home-appliance robots 
in a living space), by combining robotics and 
architectural space with the aim of supporting the 
elderly.  

 Related research and positioning of  
the research
In the field of research concerning robots and the 

elderly, as members of the “Kokoroiki Project of the 
University of Tokyo” [4], Professor Haruhiko 
Shimoyama and colleagues at the University of 
Tokyo Graduate School, Clinical Psychology Course 
are proposing the latest treatment service based on 
cognitive behavioral therapy by home-appliance 
robots embedded in the lives of elderly people as 
one method of applying and providing ICT. They are 
exploring the possibilities of services that can be 
connected to mental-health support through close 
communication with the elderly via home-appliance 
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robots. In a study called “Robot Therapy with an 
Affinity Robot for Elderly People with Dementia” [5], 
robot therapy by contact with small robots was 
attempted on a trial basis for elderly people with 
dementia, autism patients, and inpatients of pediatric 
wards. In that study, fluctuations in prefrontal 
cerebral blood flow in the elderly were experimentally 
measured, and the measurements showed that the 
blood-flow rate of the elderly tended to rise as a 
result of touching a robot.  

In regard to such studies on elderly people and 
robots in the manner described above, many 
uncertainties regarding whether robots can truly live 
together with the elderly or whether the elderly 
desire to live with them remain unresolved. In 
addition, most robotics research is focused on 
support services by a single robot, and a system of 
cooperation between a robot and an architectural 
space and a living space has not yet been 
established. That is, what kind of space enables a 
robot to get intimately close to a person has not 
been clarified. Given that circumstance, the authors 
previously conducted a study called “Research on 
way-of-life support by a spatial-intelligence system 
for the elderly” [6], which aimed to clarify the living 
support that the elderly desires and how that living 
support can be provided by spatial intelligence in 
cooperation with robots, as basic research towards 
creating a living space in which people, robots, and 
IoT can coexist. In the present study, by conducting 
a usability study (Figure 1) targeting the elderly, we 
found that the need for living support—as a way to 
support living by spatial intelligence in cooperation 
with robots (namely, communication, security, and 
support)—is high. Moreover, we revealed the 
tendency that in regard to the symbiotic space 
shared by the elderly and the robot, “the elderly 
person felt no sense of discomfort in the same space 
as the robot,” and we found that more than 80% of 
the subjects (30 people) taking part in the 
experiment could be supported by utilizing the robot 
and IoT technology.  

In recent years, as wireless technology, sensor 
technology, and AI technology continue to advance, 
devices based on those technologies are required to 
be inexpensive while they become more 
miniaturized. As a result, “realizable 
environments”(namely, a living space in which users 
(elderly people) are supported by such AI 
technologies and devices) are in place. Therefore, in 
this study, on the basis of findings that we clarified in 
previous studies, we investigated constructing a 
system for realizing “concrete spatial intelligence” 
focusing on the living space of elderly people. 

 Aim of the study 
In this research, we aimed to construct a “spatial-

intelligence system” in which robots and ICT 
cooperate with a space and thereby support the 
livelihood of elderly people. In particular, this system 
aims to create living spaces that support elderly 
people and provide a space for supporting 
comfortable living by blending a wide range of 
technologies, such as sensing technology, building-
design technology, control technology, and artificial-

intelligence (AI) technology. Concretely speaking, we 
focused our study on supporting elderly people in 
their living space in terms of three service functions, 
namely, “communication,” “security,” and “support.” 
According to our previous investigation focusing on 
elderly people [6], it is clear that the need for the 
above three service functions regarding living 
support are high in the case of the elderly.  

Given the need described above, in this study, we 
focused on developing a new concept called 
“intelligent infill,” which constitutes the space in 
which the three above-mentioned living-support 
services are provided. “Intelligent infill” as used in 
this study refers to “infill” (i.e., an artifact constituting 
a wall, a residential establishment, etc.) constituting 
a space equipped with AI such as a robot and ICT 
(information and communication technology). By 
enabling comfortable interaction between people and 
machines and an information environment via the 
infill, we are attempting to informally support the lives 
of the elderly. Specifically, intelligent infill is 
characterized as functioning not only as artificial 
intelligence itself, acquiring environmental 
information within a residence, and understanding 
situations but also as a partner of the elderly (who 
are prone to loneliness). By constructing an 
environment in which infill communicates with 
residents, living space, remote family members, 
nursing-care supporters, etc., it is possible to provide 
support so as to realize an independent life for the 
elderly. Moreover, we aim to enable the elderly, even 
those in single-person households, to live with 
dignity and to drastically reduce social costs required 
for supporting them in the future.  
 

4. Overview of “intelligent infill” 
4.1. Form of intelligent infill 

According to a usability study [6] targeting the 
elderly in Japan, the average size of the living space 
in which elderly people live is “2LDK”, namely two 
living rooms, a dining room, and a kitchen. 
Accordingly, covering an assumed space of about 12 
Japanese “tatami” mats (i.e., an occupied area of 60 
to 80 m2) in which a spatial-intelligence service is 
provided, which is the basic size of a 2LDK living 
space, intelligent infill can be equipped with sensor 
technology, household-appliance control technology, 
etc. Intelligent infill is configured as a golden 
rectangle (i.e., a rectangle with a side ratio of 1: 
1.618). By adopting dividing lines based on the 
golden ratio, it is designed in a form with unity, a 
form for keeping correct intervals, and a form in 
which information is arranged. The golden rectangle 

 

Fig.1:  By conducting a usability study targeting the 
elderly (perspective image) 
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robots. In a study called “Robot Therapy with an 
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attempted on a trial basis for elderly people with 
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cerebral blood flow in the elderly were experimentally 
measured, and the measurements showed that the 
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system for realizing “concrete spatial intelligence” 
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people and provide a space for supporting 
comfortable living by blending a wide range of 
technologies, such as sensing technology, building-
design technology, control technology, and artificial-

intelligence (AI) technology. Concretely speaking, we 
focused our study on supporting elderly people in 
their living space in terms of three service functions, 
namely, “communication,” “security,” and “support.” 
According to our previous investigation focusing on 
elderly people [6], it is clear that the need for the 
above three service functions regarding living 
support are high in the case of the elderly.  

Given the need described above, in this study, we 
focused on developing a new concept called 
“intelligent infill,” which constitutes the space in 
which the three above-mentioned living-support 
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this study refers to “infill” (i.e., an artifact constituting 
a wall, a residential establishment, etc.) constituting 
a space equipped with AI such as a robot and ICT 
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infill, we are attempting to informally support the lives 
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characterized as functioning not only as artificial 
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Fig.1:  By conducting a usability study targeting the 
elderly (perspective image) 

 is recognized as the most pleasing proportion of a 
rectangle, and it forms intelligent infill that is easy to 
incorporate into a living space. Robots to be 
introduced into intelligent infill are not single 
mechanical robots; instead, LCD (liquid crystal 
display) robots that can function cheaply and easily 
are used. An LCD robot can be displayed on an LCD 
TV or tablet screen. The LCD screen can be 
operated like a communication interface, and 
expressions (animated characters) can be 
expressed on it (see Figure 2).  

An intelligent-infill module is being adopted as a 
“geometric-progression module,” which is currently 
being proposed internationally and is an industrial 
standard prescribed as “JIS Z 8601” in Japan, and a 
“complex module” using an arithmetic-progression 
module used for sizing industrial products such as 
displays.  

According to the common terms “geometric-
progression module” (JISZ8601) and “arithmetic-
progression module” (display size) and dimensions 
considering use by the elderly and multiples of two to 
enable easy division, the standard display size used 
for intelligent infill is assumed to be a 24-inch (53.04 
cm × 29.87 cm) or 12-inch (26.52 cm × 14.94 cm). 
 
4.2. Composition of intelligent infill  

The intelligent infill is equipped with devices and 
mechanisms to provide communication, security, and 
support services. To support communication, intelli-
gent infill is equipped with human sensors for sens-
ing and talking with residents, proximity sensors and 
contact-signal sensors already developed, high-
performance microphones for picking up voices and 
sounds of residents, and speakers for giving advice 
and warnings as well as conversing via LCD robots. 
It also incorporates an LCD that displays an LCD 
robot and a control device (tablet) for easy, direct 
operation of the robot. Moreover, the tablet and 
speakers are removable so that they can be moved 
to the resident side according to the situation. 

To provide security support, the intelligent infill is 
also equipped with a human sensor for detecting 
abnormalities of a resident, an (already developed) 
acceleration sensor (for measuring flow lines of a 
moving body) for detecting earthquakes and floor 
sounds, and a control device (tablet) that can be 
easily and directly operated even by an elderly 
person.  

To provide the support function, a human sensor 
that senses body temperature, a WiFi router to make 
the intelligent infill function normally and efficiently, 
and air-conditioning equipment to keep the living 
space comfortable (already available, simple air-
conditioning equipment is used) were also set up. 

The configuration of the intelligent-infill system is 
summarized in Table 1. By introducing each system 
described in Table 1, it is possible to provide the 
communication, security, and support functions for 
the elderly. As for constructing a dialogue system 
using speech recognition, it is indispensable to be 
able to communicate in natural language and 
exchange information as well as to build a 
multimodal dialogue system.  
 

4.3. Functions of intelligent infill 
As for the communication function, to make 

greetings such as “Good morning” and “Good night” 
(which, according to the results of a usability study 
[6] are the most-needed communication contents 
matching the user’s schedule), a predefined 
definition file is executed as a start-up method from 
the system side. In this way, the user is prompted to 
manage their schedule, and they can be notified 
about the schedule and given reports as needed. By 
giving regular morning greetings and evening 
greetings, intelligent infill maintains the orderly 
lifestyle of the user as well as provides functions like 
an alarm clock. To eliminate potentially dangerous 
events and loneliness, which is often felt by elderly 
people because they have extremely few 
opportunities to talk with other people, support is 
always provided so that the user can always have 
simple conversations.  

As for the security function, to detect danger to 
users as soon as possible, various sensors are 
located in appropriate places on the intelligent infill, 
and by executing a definition file set to respond to a 
word for help (such as “help”), it is possible to make 
an external contact in case of emergency. As for the 
support function, controlling the power supply of 
home appliances is made possible by controlling the 
control device from the microcomputer, and the 
system is configured so that it can respond flexibly 
via cooperation with household electric appliances, 
lighting, etc. existing in the living space equipped 
with the above-described communication function. 
Power supplies up to 20 A can also be controlled, 
and home appliances controls can be controlled by 
commands such as voice input via the WiFi 
connection between the microcomputer and the LCD 
robot.  

 

 
 Fig.2:  Interface of LCD robot 

 
Table 1:  Intelligent-infill system is summarized  

 
5. EXPERIMENTAL OBJECTIVE AND OVERVIEW 
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As for improving the lives of elderly people, the 
first experiment, which used already developed ICT 
technology, aimed to create a building space in 
which elderly people—who were assumed to live 
their life by utilizing the spatial-intelligence system—
can live safely and securely. It is aimed to grasp 
what conditions must be satisfied to allow elderly 
people and the LCD robot to coexist in the same 
space. As for concrete experimental aims, the 
following targets were set: evaluation of impressions 
of the space provided by the intelligent infill, 
evaluation of intelligent infill based on an evaluation 
axis, evaluation of feasibility of living support for the 
elderly via infill, and evaluation of communication 
with intelligent infill.  

As for the experimental model used in the first 
experiment, intelligent infill, based on a 24-inch 
display (53.04 × 29.87 cm), was constructed 
according to a dimensional plan based on a golden 
rectangle [i.e., 728.12 (horizontal) × 1178.12 
(vertical), 728.12 (horizontal) × 450 (vertical), and 
323.61 (horizontal) × 200 (vertical) (all units cm)] . 
The experiment is outlined below.  

Date of experiment (six days): January 22, 2018 - 
February 13, 2018 
Location of experimental: Tokyo Denki University, 
Annex Hall 3rd Floor Laboratory 
Duration of experiment: one hour per person 
Subjects: 30 elderly people over 65 years old (15 
males and 15 females); evaluation method: SD 
method, bird’s eye view observation method, and 
indication method 
Experimental environment: A simulated living 
space (sofa, bed, desk, vacuum cleaner, fan, and 
lighting fixtures) was set up. 
A living room for elderly people was assumed. 
(the room was assumed to be 12-mat LDK) 

 
6. Experimental methods 

As for the evaluation methods used in the 
experiment, the intelligent infill was evaluated by an 
impression-evaluation questionnaire using the SD 
method, the behavior of the subject was observed by 
the bird’s eye observation method, and the spatial 
structure was understood by the indication method. 
The contents of the questionnaire conducted after 
the experiment was completed are classified into six 
categories: “Survey of subject attributes,” “Feasibility 
of intelligent infill,” “Impression of space,” “Evaluation 
of communication, security, and support,” “Interface,” 
and “Understanding spatial structure.” As for the 
experiment method, the subject (an elderly person) 
was asked to communicate with the intelligent infill 
while conducting simple daily activities. A scene from 
the experiment is shown in Figure 3. Incorporating 
elements of communication, security, and support 
into everyday behavior, the experiment was set up 
so that the subject could receive support in all those 
elements. The flow of the daily activities and the 
targeted assistance are described in detail below. 

① Wake-up greeting (communication support) 
② An electric fan is operated by the spatial-

intelligence system in cooperation with the intel-
ligent Infill via a conversation about being “hot” 

or “cold.” (communication support and assis-
tance in using the fan)  

③ Lighting equipment is operated via the spatial-
intelligence system in cooperation with the intel-
ligent infill through conversations giving instruc-
tions to “turn on the lights” and “turn off the 
lights.” (communication support and assistance 
in using the light) 

④ In the event of an assumed emergency, the 
subject asks for help, and the LCD robot con-
tacts external assistance. (communication sup-
port and security support) 

⑤ Greetings at bedtime (communication support) 

7. RESULTS OF EXPERIMENT 
Regarding the feasibility of the “intelligent infill” in-

terface, the answers to the question “What do you 
think about being supported by intelligent infill as 
used in the experiment via your TV at home?" are 
shown in Figure 4. According to these results, 28 out 
of the 30 elderly people answered, “I would like such 
support.” As the reason that people want support by 
intelligent infill rather than a robot, opinions such as 
“It is preferable because it can be used without con-
sciousness compared to something with a presence 
given by a person’s shape,” “Since it uses an ordi-
nary and familiar TV, it enables familiar and easy 
conversation,” and “I’m don’t want to be bothered 
about the installation location of the robot, and it is 
easy to incorporate intelligent infill in the home” were 
expressed.  

Regarding the configuration module of intelligent 
infill, the results of a question about the height of the 
support-providing display of intelligent infill are 
shown in Figure 5. The appropriate center position of 
the display was measured by tape measure. As for 
the height of the appropriate center position of the 
display, the most-frequent answer was 95.00 cm. As 
an opinion, 19 out of the 30 elderly people answered, 
“The height differs somewhat depending on the di-
rection of viewing and position of the display, but the 
display is easy to see if the height of my eye line and 
the height of the center position of the display are 
equal.”  

The results concerning visual-design elements 
(functions) of intelligent infill are shown in Figure 6. 
As for functions apart from the liquid-crystal display 
that should also be seen on the surface of the intelli 

Fig.3:  A scene from the experiment

gent-infill interface, 23 elderly people answered 
“speakers”, 18 elderly people answered “sensor 



5

As for improving the lives of elderly people, the 
first experiment, which used already developed ICT 
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Location of experimental: Tokyo Denki University, 
Annex Hall 3rd Floor Laboratory 
Duration of experiment: one hour per person 
Subjects: 30 elderly people over 65 years old (15 
males and 15 females); evaluation method: SD 
method, bird’s eye view observation method, and 
indication method 
Experimental environment: A simulated living 
space (sofa, bed, desk, vacuum cleaner, fan, and 
lighting fixtures) was set up. 
A living room for elderly people was assumed. 
(the room was assumed to be 12-mat LDK) 
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Fig.3:  A scene from the experiment

gent-infill interface, 23 elderly people answered 
“speakers”, 18 elderly people answered “sensor 

devices,” and 16 elderly people answered “a lit lamp 
showing reactions of the Intelligent-infill interface.” 
As visual-design elements of intelligent infill, those 
four elements (including a liquid-crystal display) 
tended to be expressed as necessary.  

As for the intelligent infill interface, the results of 
the question "What interface do you think was good 
for communication?" are shown in Figure 7. In this 
experiment, with the image of the facial expression 
shown in Fig. 2 as the interface, two patterns of faci-
al expressions (a robot’s facial expressions and a 
human’s facial expression) were used. According to 
the experimental results, 16 elderly people answered 
“Human facial expression,” and that answer was the 
most frequent. As the reason for that frequent an-
swer, the opinion that “People feel closer when talk-
ing to a human's facial expression.” was expressed. 
As for communication by intelligent infill, the answers 
to the question “Do you think that voice communica-
tion with intelligent infill at home is necessary?” are 
shown in Figure 8. According to these results, 27 of 
the 30 elderly people answered “It is necessary.” The 
elderly who responded that they needed intelligent 
infill commented that voice communication is “enjoy-
able,” “pleasant,” and “I’d like to spend time with the 
intelligent-infill interface.” 
 
8. CONCLUDING REMARKS 

Experiments using experimental models in simu-
lated living spaces showed that a new concept called 
“intelligent infill” can support the lives of elderly peo-
ple. It was also found that elderly people tend to 
require assistance mainly for communication, and it 
is necessary to obtain more knowledge by increasing 
the number of subjects in the future. As for the way 
of implementing intelligent infill, aiming to derive the 
optimal intelligent infill to support the elderly, we will 
further investigate the height of the display and inter-
face for supporting the elderly.   
 
 
 

 
 
 
 
 

Fig.4: Answer graph concerning the question “What 
do you think about receiving support from the “intelli-
gent infill” used in this experiment through the TV at 
home?” (n=30) 

Fig.5: Answer graph concerning the position of the 
display center in the experimental model. (n=30) 
 

Fig.6: Answer graph concerning the question “As a 
visual design, what kind of function is necessary 
other than liquid crystal display?” (n=30) 
 

Fig.7: Answer graph concerning the question “What 
kind of interface do you think is good for 
communication?” (n=30) 
 

Fig.8: Answer graph concerning the question “Do you 
think that voice communication with intelligent infill at 
home is necessary?” (n=30) 
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9. FUTURE PROSPECTS 
From now onwards, we will construct a popularizat

ion model, verify necessary support for the elderly, a
nd advance our research toward practical application
 of the intelligent-infill concept. We aim to create a sp
atial-intelligence system in which robots and ICT coo
perate with space in a manner that living support for i
ndividual elderly people, such as their degree of nurs
ing care, can be finely and carefully managed.  

 
 

This research was carried out under the auspices 
of Tokyo Denki University Research Institute (Issue 
No. 2170011) "Study on construction of intelligent 
environment for living support of elderly living alone". 
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Table 1. Summary of the studied projects
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Table 2. Interview structure

• Project: 

• Research. 

• Education

raw data
labels labels categories

machizukuri
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Table 3. Interview results



11

Tokyo Kenchiku Collection Ju-
taku Kenchiku Summaries of design works of annual 
meeting)

eval-
uation

• Implementation of tasks in correspondence to the uni-
versity schedule

• Incorporating the built project as a curriculum subject

• Collaborating with local architects

• Building cross-grade relationships

• Creating systems for engagement after the project 
completion
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Becoming Critical: Education, 
Knowledge, and Action Research

Action Research

Journal of Architecture and Plan-
ning (Transactions of AIJ)

Action Research



13

Journal of Architecture and Planning 
(Transactions of AIJ)

AIJ Journal of Technology 
and Design

Journal 
of Architecture and Planning (Transactions of AIJ)

Journal of Architecture and Planning 
(Transactions of AIJ)

Hand Book of Action Re-
search: Participative Inquiry and Practice

Journal 
of Architecture and Planning (Transactions of AIJ)

AIJ Journal of Technology and 
Design

Community-based participatory re-
search

AIJ Journal of Technology and 
Design

Journal of Architecture and Planning (Transactions of 
AIJ)
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The Biofied Building where a home robot mobile robot is used as a sensor was proposed, because the monitoring sys-
tem in a house for elderly parson are strongly required. However, installation of many cameras and microphones are 
certainly not welcomed due to privacy issues. If those sensors are limited to those on a home robot that is a kind of pet 
for family members, the anxiety will be reduced a lot. Of course, maximum care is needed for privacy data. The robot are 
required to improve affinity for data acquisition. One of the factors that improves affinity is feelings emotions by the ro-
bot’s motion. In this study, expression of emotions by motion was evaluated by being plotted on the Russell’s circumplex 
model. The pattern of this motion was decided based on Laban’s movement theory. It was shown that expression of 
emotions by the motion depends on magnitude and speed of movement of home robot. The faster motion, the increasing 
the Arousal value, and also the wider motion, the increasing the Valence value. The motion for expression of emotions 
was quantitatively shown by the multiple regression analysis. 

 
Keywords: Biofied building, Robot, Affinity, Laban’s Theory, Russell’s Circumplex Model.  

 
INTRODUCTION 
In the past few years, the number of single elderly 
person households has been increasing1.It is con-
sidered that the increase will continue in the follow-
ing years especially in Japan. In the single elderly 
person households, it is known that elderly persons 
are prone to illness and accidents. In fact, there are 
also cases such as a fatal accident by heatstroke in 
summer2. However, it may also be that the emergen-
cy response is delayed in the single person house-
holds. In line with the time, the architectural space 
should change for each person. 
For that reason, the “Biofied Building” was proposed 
for the provision of architectural space adapted to 
each person. Biofied Building is architectural space 
to create a comfortable environment by applying to 
four biological adaptions (see section “Biofied Bu-
liding”). Residents are safe and feel comfortable by 
the proposed customized architectural space adap-
tion. The usage of a home mobile robot as a sensor 
was proposed. One of the advantages is low sensor 
cost, because it is possible to reduce the amount of 
sensors to one per robot. The robot is required not 
only to obtain human data but also provide a com-
fortable living for people. 
The affinity is necessary to the home robot, because 
the home robot is always in the same home envi-
ronment and the higher the affinity between the robot 
and the person the easier to obtain the human data. 
One of the factors that improves affinity is feeling 
emotions by the robot’s motion. Therefore, in this 
research, Expression of emotions by the motion of 

robot was studied. The motion of the home robot 
was proposed based on Laban’s movement theory. 
Laban’s movement theory is a theory that explains 
the relationship between movement and psychologi-
cal state in dance theory. Laban’s movement theory 
was used to clarify the relationship between move-
ment and emotion. The motion of the home robot 
was evaluated by the Russell’s circumplex model. 
Russell circumplex model is a model that can ex-
press emotion with two axes of Arousal and Valence 
and is used in various studies.  
 
BIOFIED BUILDING 
In this section, the Biofied Building is explained. 
Biofied Building is architectural space to make a 
comfortable environment by applying of four biologi-
cal adaption3. 
 
 Sensory adaption:  Rather than act after think-

ing of it, that is reflexive action. For example, 
one release the hand reflexively when touching 
something to hot. In the architectural space, the 
lights turns on automatically when a person 
walks in the darkness. 

 Adaption by learning:  The human learns from 
experience. For example, once after touching 
something hot, the human is careful not to 
touch something to hot again. In the architec-
tural space, if a resident turns off the lights eve-
ry time he goes to bed, automatically turns off 
the lighting when the resident goes to bed. 
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ing of it, that is reflexive action. For example, 
one release the hand reflexively when touching 
something to hot. In the architectural space, the 
lights turns on automatically when a person 
walks in the darkness. 

 Adaption by learning:  The human learns from 
experience. For example, once after touching 
something hot, the human is careful not to 
touch something to hot again. In the architec-
tural space, if a resident turns off the lights eve-
ry time he goes to bed, automatically turns off 
the lighting when the resident goes to bed. 

 

 Physiological adaption:  Human has homeosta-
sis, which is a natural inclination to try to keep a 
constant state. For example, the desire to return 
to the original state when the body temperature 
changes greatly. In the architectural space, if 
sensor obtain discomfort information, it tries to 
reduce the discomfort by controlling the archi-
tectural space. 

 Evolutionary adaption: Long time genetic 
growth process to adapt to changes in the envi-
ronment. For example, humans became bipedal 
walking over the many million years. In the ar-
chitectural space, accumulate discomfort data 
of the resident space and do not use it in the 
next residents. 

 
THE IMPORTANCE OF THE ROBOT 
In a “smart house”, some sensors have been imple-
mented, in order to provide services to the inhabit-
ants. Smart houses provide services by multiple 
embedded sensors. However, to use a home robot 
as a sensor for Biofied Building was proposed. There 
are three reasons for it.  
Firstly, is because of the costs. It is necessary to get 
many human information for changing comfortable 
space for the residents. If one wants to embed the 
sensors in the wall, it must be considered in the 
system from the design stage and many sensors are 
necessary. However, if we use a home robot as a 
sensor platform, costs will decrease. This is because 
the robot obtains the human data while moving.  
Secondly, the proposed solution can respond easily 
to changes in the environment. If the sensors are 
embedded in the walls, they can easily be hidden by 
furniture or pictures frames etc. While sensors that 
are installed in the walls cannot be moved, it is pos-
sible to move the sensors, which are mounted on a 
home robot. 
Finally, the proposed solution can easily be mainte-
nance and updated. If an error occurs in the sensors, 
it will be difficult to maintenance and update the 
sensors embedded in a wall. However, it is easier to 
change the sensor mounted on a home robot. 
 

 
Fig.1. Image of Biofied building. 
 

DEVICE 
The proposed solution uses “e-bio” (Figure2) as 
home robot in the Biofied Building. E-bio was pro-
duced with Keio University Takahashi Laboratory. E-
bio is equipped with a Kinect V2 as a sensor. A com-
puter is mounted on the robot, which analyzes the 
information, obtained from the Kinect V2 and sends 
a command to the robot by using cable. The tech-
nical specifications of e-bio are listed in Table 1. E-
bio can move faster than an adult walking speed. 
Hence there is no problem to use it at home.                  
 

 
Fig.2. E-bio T (home robot) 
 

Table 1. Technical specifications of e-bio 
Item Mechanism 

Size 300(W)×350(D)×450(H) mm 
Movement  
mechanism Two wheels 

Motor servomotor(20W) 

Wheel diameter 150mm 
Motor speed  

reduction ratio 4.8 : 1 

Gear ratio 80 : 50 

Encode 500 pulse/ revolution 

Multiplier 4 times 
Speed 

(Theoretical value) Maximum: 4.9m/s  

 
LABAN’S MOVEMENT THEORY4 
In this study, expression of emotions by the motion 
was proposed based on Laban’s movement theory. 
Laban movement theory is the theory of dance sci-
ence, and it shows the correlation between psycho-
logical state and physical exercise. Laban theory has 
two ideas of "Effort" and "Shape" originally. Effort 
expresses the dynamic characteristics of movement, 
that is, the quality of movement. Shapes represent 
geometric features about the overall shape of the 
body. Each elements has three elements, and its 
elements are represented by two poles of fighting 
form and indulging form. Fighting form is state of 
strong motion, and indulging form is state of weak 
motion. It shows elements of Laban’s theory and its 
movement. 
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 Weight Effort 
It is the strength of body movement. In the 
fighting form, it is expressed as active. On the 
other hand, in the indulging form, it is ex-
pressed as passive. This effort was expressed 
by movement of “Go and back”. Because the 
movement of the fighting form is expressed as 
strong, fast as the liner motion. 
 

  Time Effort 
Represents the haste of change in behavior. In 
the fighting form, it is expressed as warning. On 
the other hand, in the indulging form, it is ex-
pressed as calmness. This effort was ex-
pressed by movement of “Left and Right”. Be-
cause it is similar to the movement of the 
fighting form “Warning”. 

 
 Space Effort 

It is the degree of biased bias of body move-
ment. In the fighting form, it is expressed as 
concentration. On the other hand, in the indulg-
ing form, it is expressed as distracted. This ef-
fort was expressed by movement of “Rotation”. 
Because it represents the magnitude of motion 
in space. 
 

Next, Shape of Laban feature quantity is shown.  
 
 Door Plane Shape 

It represents the spread on the front. The case 
where silhouette is biased upward is regarded 
as a fighting form. On the contrary, the case 
where it is biased downward is regarded as in-
dulging form. 

 Wheel Plane Shape 
This represents movement to the front and back 
of the silhouette. When a silhouette moves for-
ward, it is expressed as a fighting state. Con-
versely, when the silhouette moved backwards, 
it is expressed as an indulging form. 
 

 Table Plane Shape  
This is the spread of the silhouette in the hori-
zontal direction of the silhouette. When a sil-
houette spreads out, it is expressed as fighting 
form. When a silhouette shrinks, it is expressed 
as indulging form. 
 

I showed the concept of all movement of Laban the-
ory. The elements of these six Laban features are 
independent of each other. For example, when a 
person presses a heavy object, a great force acts, so 
Weight Effort is in a fighting form, but Time Effort is 
in a state of indulging form because there is little 
time change in movement. Robots used in Biofied 
Building are thinking about running by two wheels. 
For that reason, there seems to be little change in 

the silhouette. We only focus on "Effort" in Laban’s 
movement theory for expression of emotions by the 
motion. Table2 shows the concept of effort and pro-
posed motion. 
 
Table 2. The concept of effort and proposed motion 

Effort Fighting 

form 

Indulging  

form 

motion 

Weigh

t 

Active Passive Go and  

Back 

Time  Warning Calmness Left and  

Right 

Space  Concentration Distracted Rotation 
 
RUSSELL CIRCUMPLEX MODEL5 
In this study, expression of emotions by the motion is 
evaluated by plotting on Russell’s circumplex model. 
It is able to express all emotions by two independent 
axes. The vertical axis is Arousal, the degree of 
arousal increases as going upward, and approaches 
to sleep as going down. And the horizontal axis is 
Valence, the more comfortable you go to the right, 
the more uncomfortable you go to the left. A strong 
emotion is expressed as the outside of the circle. 
And a weaker emotion is expressed as the nearer 
the center. 
Russell’s circumplex model can express the all emo-
tions, however in this study, emotions were divided 
into four on Russell’s circumplex model.  Because a 
tendency of emotions that can be expressed by a 
two-wheeled robot is required. The quadrant of up-
per right shows the emotion of pleasure. Similarly 
the upper left shows the emotion of anger, the lower 
left shows the emotion of sad, and the lower right 
shows the relaxed. 
 
 

 
 
Fig.3. Russell circumplex model.5 
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 Weight Effort 
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  Time Effort 
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pressed as calmness. This effort was ex-
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 Space Effort 
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ing form, it is expressed as distracted. This ef-
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Fig.3. Russell circumplex model.5 

 

IMPLEMENTATION MOTION 
In this time, 12 patterns of movements were imple-
mented based on Laban’s movement theory. The 
type of movement is three patterns, go and back, left 
and right, and rotation. The magnitude of movement 
is implemented 2patterns and also the speed of 
movement is implemented 2patterns. Fig.4 is image 
of implemented movement. 
 

 
 

(A)                   (B)                   (C) 
 
Fig.4. Image of implemented movement 
(A) Go and Back (B) Left and Right (C) Rotation 

 
And it is shown in the table below. 
 
Table 4. Implemented movement  

 movement size speed 

1 Go and back big Fast 

2 Go and back small fast 

3 Go and back big slow 

4 Go and back small slow 

5 Left and Right big fast 

6 Left and Right small fast 

7 Left and Right big slow 

8 Left and Right small slow 

9 Rotation big fast 

10 Rotation small fast 

11 Rotation big slow 

12 Rotation small slow 

 
Go and Back 
By repeatedly rotating the left and right motors at the 
same speed in the same direction, the forward and 
backward movements were repeated. Depending on 
the number of revolutions and the number of repeti-
tions, the magnitude of the movement width and the 
speed were expressed. Magnitude of movement was 
determined by questionnaire. The speed of move-
ment was determined based on the walking speed of 
a parson. Fig. 5 is shown the movement of go and 
back. 

 
(A)                   (B)                   (C) 

 
Fig.5. Movement of go and back 
 
Left and Right 
In this case, the right and left wheels is driven in the 
opposite direction at the same speed. Magnitude of 
movement was determined by horizontal angle of the 
Kinect v2 as a sensor. The speed of movement was 
determined based on the walking speed of a person. 
Fig 6 is shown the movement of left and right. 
 

 
(A)                   (B)                   (C) 

 
Fig.6. Movement of left and right 
 
Rotation 
The robot rotated by changing the rotation speed of 
the left and right motors. We changed the magnitude 
and speed of rotation according to the number of 
revolutions and the number of iterations. Magnitude 
of movement was determined by area seen from the 
top of e-bio.  The speed of movement was deter-
mined based on the walking speed of a person. Fig 7 
is shown the movement of Rotation. 
 

 
(A)                   (B)                   (C) 

 
Fig.7. Movement of Rotation 
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EMOTIONAL EXPRESSION EXPERIMENT 
The purpose of this experiment is to evaluate the 
motions based on Laban’s theory of the home robot 
for expression of the emotion using the Russell’s 
circumplex model. The proposed movement was 
plotted on the Russell’s circumplex model using a 
questionnaire. A questionnaire called JUMACLE was 
used to plot. Although JUMACLE originally guesses 
human emotions by the 20 questions, it used this for 
robots. The question items of JUMACL has been 
reduced by half. Because JUMACL has some ques-
tions that robots cannot deal with. However the prob-
lem was solved by doubling the result value.  
The subjects also conducted a questionnaire on not 
only JUMACL but also Laban’s theory and evaluation 
of robot movement. Fig. 8 is shown the question-
naire. 
 

 
Fig.8. Questionnaire 
 
The subjects in their twenties conducted experiments. 
The subjects were to experience the motion, answer 
questionnaire. This was performed for each of the 
movements. Experiments gave randomness in order 
to eliminate familiarity. Also, we tried the experiment 
by placing the robot outside the person's personal 
space so that the person does not feel uncomforta-
ble with the robot. The distance between a person 
and a robot was 1m in this experiment. 

 

 
Fig.9. Experiment situation (1m) 
 
From the questionnaire results, the movement was 
plotted on the Russell’s circumplex model. Fig.10 is 
shown the results. 
 

 
Fig.10. Results on the Russell’s circumplex model 
 
As you can see, the movements of 1, 3, 5, 7, 9, 11 
were plotted on the right side. These are movements 
that magnitude of movement set to “big”. On the 
other hand, the movements 2, 4, 6, 8, 10 and 12 
were plotted on the left side. These are movements 
that magnitude of movement set to “small”. As a 
result, it was shown that the larger the magnitude of 
the movement, the larger the value of Arousal. 
Also, the movements 1, 2, 5, 6, 9 and 10 were plot-
ted in the upper half, while the movements 3, 4, 7, 8, 
11 and 12 were plotted in the lower half. The faster 
the value of Valence is, the higher the value be-
comes. 
It was shown that the value changes with the magni-
tude of motion, and the arousal value changes ac-
cording to the speed of motion. 
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plotted on the Russell’s circumplex model. Fig.10 is 
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As you can see, the movements of 1, 3, 5, 7, 9, 11 
were plotted on the right side. These are movements 
that magnitude of movement set to “big”. On the 
other hand, the movements 2, 4, 6, 8, 10 and 12 
were plotted on the left side. These are movements 
that magnitude of movement set to “small”. As a 
result, it was shown that the larger the magnitude of 
the movement, the larger the value of Arousal. 
Also, the movements 1, 2, 5, 6, 9 and 10 were plot-
ted in the upper half, while the movements 3, 4, 7, 8, 
11 and 12 were plotted in the lower half. The faster 
the value of Valence is, the higher the value be-
comes. 
It was shown that the value changes with the magni-
tude of motion, and the arousal value changes ac-
cording to the speed of motion. 

In other words, the big and fast movements increase 
the arousal value and valence value, this movement 
shows expressions of pleasure. In the same way, the 
small and slow movements decrease the arousal 
value and valence value, this movement shows ex-
pressions of sad. 
The emotional expression of robot is controlled by 
the magnitude and speed of movement. However, 
concrete numerical values for emotional expression 
are not shown. From this result, the axis value was 
quantitatively calculated by multiple regression anal-
ysis. Multiple regression analysis was performed for 
each movement pattern (go and back, left and right, 
rotation). Because it is thought that not only the 
magnitude and speed of movement but also the 
pattern of movement is one of the factors affecting it. 
The results of multiple regression analysis are shown 
below. 

 

 

(1) 

(2) 

 

 

(3) 

(4) 

 

 

(5) 

(6) 

It was found that the emotion on the Russell’s cir-
cumplex model of go and back movement can be 
obtained by the equations (1) and (2). Similarly, the 
left and right movements is obtained by the equa-
tions (3) and (4), and the motion of rotation is ob-
tained by the equations (5) and (6). 
 
ENVIRONMENT CHANGE EXPERIMENT 
Experiments were conducted as well as emotional 
expression experiments except for the distance be-
tween a person and a home robot. The distance 
between a person and a robot was 5m in this exper-
iment. 

 
Fig.11. Experiment situation (5m) 

Fig. 11. is experimental situation that the distance 
between a person and robot is 5m. 
 
From the questionnaire results, the movement was 
plotted on the Russell’s circumplex model. Fig.12. is 
shown the results. 
 

 
Fig.12. Results on the Russell’s circumplex model(5m) 
 
Fig .12. shows that the valence values of the go and 
back movement (①,②,③and④) are decrease and 
the valence values of the motion of rotation (⑨,⑩,⑪
and⑫) are increase. In other words, impression of 
the go and back movement is obtained small by the 
distance between a person and robot increases. Also, 
impression of motion of rotation is obtained big by 
the distance between a person and robot increases. 
When the distance to a person is close, a big and 
fast movement shows expressions emotions of 
pleasure. However, when the distance to the person 
is far away, motion of rotation shows expressions 
emotion of pleasure. 
 
Conclusion 
In this research, in order to increase the affinity of 
home robots, expression of the emotion by the mo-
tion was aimed. Based on Laban theory, we imple-
mented motion for emotional expression of home 
robot. 12 patterns of emotions were plotted on a 
Russell annulus model by questionnaire evaluation. 
By the Russell annulus model, it suggested the pos-
sibility of emotional expression of emotions in two 
wheeled robots. Also, by performing multiple regres-
sion analysis, emotional expression by robot move-
ment was quantitatively expressed. It turned out that 
the distance between human and robot creates a 
difference in expression in emotion. 
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In REACH, an experimental, cross-domain sensing-monitoring-intervention system that can be placed unobtrusively in 
various care settings and living environments of elderly citizens was developed. Through multiple Touchpoints, REACH 
implements and systemises several instances of the early detection of physical inactivity patterns and associated risks. 
To achieve the set-out project goals, REACH (a multi-partner research project) requires a structured development pro-
cess in combination with a consequent cross-domain integration. The paper analyses the most important areas for which 
cross-domain integration is required: integration of cross complex knowledge domains, integration of cross physical 
world and data domains, integration of cross testing and study design domains, and the integration of cross artefacts and 
services worlds. The paper concludes that for handling the complexity of REACH, it was necessary to split the project 
(for development purposes) into micro-clusters (e.g. Touchpoints, Physical Activity Dimensions, etc.) and explore the 
interactions of domains by systematically forming and testing micro-chains of the Sensing-Monitoring-Intervention flow.  
 
Keywords: assistive technology, ageing society, innovation, and complexity management 
 
BACKGROUND AND RESEARCH GOAL 
In REACH1, an experimental, cross-domain sensing-
monitoring-intervention system (SMI) that can be 
unobtrusively placed in various care settings and 
living environments of elderly citizens was devel-
oped. Through various Touchpoints (representing 
concrete innovation areas as well as various dimen-
sions of physical activity), REACH implements sev-
eral instances of the early detection of physical inac-
tivity patterns and associated risks. Physical inactivi-
ty, for example, enhances the risk of falls which is an 
indicator for the development of a variety of second-
ary conditions such as the decline of functional abil-
ity, the onset of frailty, diabetes, hypertension, obesi-
ty, and depression2.  
The early systemised detection and intervention-
based prevention of physical inactivity and sedentary 
behaviour in a variety of care settings (e.g., homes 
and everyday life, day care centres, and other geriat-
ric facilities) will significantly reduce the risk of LTC 
admissions and re-admissions (and thus as targeted 
by REACH, lower the overall healthcare cost). Addi-
tionally, it will also increase the elderly’s functional 
performance, social participation, independence, and 
quality of life.  
To achieve the set-out project goals, REACH (a mul-
ti-partner research project encompassing 17 part-
ners) requires a structured development process3 in 
combination with a consequent domain integration 
cross 1) complex knowledge domains, 2) physical 
world and data domains, 3) testing and study design 
domains, 4) artefacts and services worlds.  
 

CROSS KNOWLEDGE DOMAINS: REACH’S UNIQUE 
SMI ACTIVITY FLOW: 
Based on its initial SMI concept and as part of the 
work accomplished, the REACH consortium has 
detailed and taken this concept further towards a 
unique Sensing-Monitoring-Intervention (SMI) activi-
ty flow (Fig.1.).  
 
1. Sensing: As part of the Sensing section, the 

physical activity was further detailed as the tar-
get condition and categorised into several Phys-
ical Activity Dimensions (PADs); 1) macro-
mobility, 2) micro-mobility, 3) socialising and nu-
trition, and 4) gaming and training. In that con-
text, several early detection regimes were de-
fined; a) one-off alarm, b) detection of short or 
long-term activities and patterns, c) device inte-
grated automatic early assessment. These re-
gimes can be applied in specific combinations 
for each PAD. Based on the PAD and the se-
lected early detection regimes, a particular set of 
sensors, which can serve the selected condition 
and detection regime, can be selected in a tar-
get-oriented manner.  
 

2. Monitoring: Based on the selected sensing 
strategy and as part of the Monitoring section, a 
combination of wearable and ambient sensors 
(which equal the REACH Touchpoints) was cho-
sen for each PAD. The task of the wearable 
sensors is to obtain multivariate physiological 
signals, whereas the ambient sensors supply in 
an automatic manner context and labelling. In 
the Data collation system, the acquired data is 
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managed and prepared for processing by vari-
ous analytics methods and algorithms. Here, two 
major types are distinguishable; Analytics type 1 
that focusses on machine learning algorithms for 
the detection and prediction of activities, trends, 
and behaviour profiles as well as Analytics type 
2 which allows for the matching and optimisation 
of behaviour profiles and personalised interven-
tion profiles through clustering algorithms.  
 

3. Intervention: In the Intervention section, and 
through the analytics section, the generated 
output is used to select, develop, and or person-
alize interventions that react on the early detect-
ed trends, patterns, or deviations of physical ac-
tivity in each PAD. In that context, sophisticated 
motivational techniques and engagement strate-
gies are used and tailored towards PADs, indi-
vidual users, and user profiles to create a highly 
efficient and long-lasting behaviour change4. 
Both programmed interventions, device interven-
tions and interactions in REACH use case envi-
ronments, are informed, embedded in, and co-
ordinated behaviour change strategy identified 
by the analytics section. With each new data set 
generated, the system will learn better what be-
haviour change schemes and interventions work 
best for specific persons. 

 
Smart furniture is used to integrate the activities and 
functional elements described above seamlessly into 
the different REACH healthcare environments. As 
part of the development of innovative REACH busi-

ness models for data-driven and value-based care, 
concrete business instantiations are created for each 
of the 4 PAD categories5.  
 
CROSS PHYSICAL AND DATA DOMAINS: THE TOUCH-
POINT AND ENGINE CONCEPT 
A key achievement of the first project year by the 
REACH consortium was the development of a de-
tailed and holistic conceptual solution: the “Touch-
points and Engine concept”. This concept was based 
on an in-depth analysis of the four use case settings6 

in REACH and the identification and inclusion of 
internal and external consortium stakeholders (elder-
ly, care personnel, insurances, etc.) in the system 
architecture development process7. This conceptual 
solution fully reflects REACH’s “Product-Service-
System” value proposition. Each of the 5 physical 
Touchpoints bound together by a cross-sectional and 
an integrated Engine (i.e. platform) functionality, will 
function as data gathering and intervention devices. 
Touchpoints 1-4 not only state the development of 
innovation clusters within the consortium but also: 
a) Individually represent a specific dimension of 

physical activity (PAD) in general; 
b) Individually implement an instantiation of 

REACH’s unique Sensing-Monitoring-
Intervention activity flow.  

The Engine states a cross-sectional development 
area that serves these 4 PADs. A detailed description 
of the Touchpoint and Engine concept and the 
REACH partners and use case settings associated 
with each of its components are detailed in the 
REACH Deliverable T1.4/D48. The “Touchpoints and 

Fig.1. REACH’s detailed, unique Sensing-Monitoring-Intervention Activity Flow. 
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Engine concept” structures the envisioned REACH 
product-service-system architecture into seven man-
ageable research and development clusters (Fig. 2.). 
Of these, five clusters of “Touchpoints” represent any 
tangible connections between users (seniors, infor-
mal/formal caregivers, physicians etc.) and the 
REACH system. Another “Engine” cluster represents 
the cloud-based digital platform, and lastly, the “inter-
face” cluster, which represents a set of specifications 
that allows the Touchpoints and other prod-
ucts/services to connect/interact with the Engine. 
Each research cluster is associated with a separate 
development team made up of consortium members 
and a team leader.  
 

 
Fig.2. REACH system architecture high-level descrip-
tion. 

CROSS STUDY DESIGN DOMAINS: COORDINATION OF 
TESTING AROUND THE REACH PHYSICAL ACTIVITY 
MODEL 

Based on the rational and work outcomes outlined 
above, REACH will, from testing phase 2 onwards 
(phase 1 was mainly explorative: ethnographic stud-
ies, usability studies, etc.), structure all testing 
around a “REACH physical activity data model”. As 
outlined above, this standard data model will build 
the basis for the development, testing and applica-
tion of various machine learning methods to detect 
the changes in physical activity levels and patterns 
early, and train clustering algorithms that help with 
the optimised and personalised assignment and 
recommendation of specific engagement strategies 
and interventions.  
As outlined above, the Touchpoints represent com-
plementary dimensions or views of physical activity 
which partition the testing and data gathering space 
around the core of the physical activity data model 
into four segments (TP1: general mobility; TP2: pos-
tures, ADLs, micro-mobility; TP3: socialising and 
nutrition; TP4: gaming and training). The A, B, and C 
ring segments indicate to which of the previously 
defined 3 testing instances a certain test or data 
gathering activity is assigned (A: Detection and Ana-
lytics; B: Motivational Techniques; C: Programmed 
Interventions). The various plane tests/studies (T1, 
T2, T3, etc.) can be allocated in this framework. Due 
to practicality reasons, tests will remain within a 
certain physical activity dimension: Touchpoints and 
thus these dimensions are bound to a particular test 
case setting such as SK or Lyngby, etc. However, 
the Touchpoints can transverse across testing in-
stances and thus knowledge domains. The widths of 
the allocated testing segment shall indicate the size 

Fig.3. REACH system architecture high-level description. 
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of a specific test or study (e.g., N = 25 refers to a test 
involving 25 test subjects, see Fig. 3.). 
 
CROSS ARTEFACTS AND SERVICES: PERSONALIZED 
INTELLIGENT INTERIOR UNITS 
In the context of REACH’s SMI activity flow, PI²Us 
(Personalized Interior Intelligent Units/ smart furni-
ture) are used to integrate the activities and func-
tional elements described above seamlessly into the 
different REACH healthcare environments. These 
PI²Us are conceptualised in a way that they both 
serve as add-ons to existing furniture and as stand-
alone units that contain physical and virtual services 
to increase activity level. Specifically, they are PI²U-
Stander, PI²U-Bed, PI²U-silverArc, and PI²U-miniArc. 
These PI²Us will be designed in a curved, natural 
design language to enhance user acceptance. Fur-
thermore, smart furniture products will allow for addi-
tional value creation through furnishing, and building 
renovation markets, and turn built environments into 
service platforms. The design of the PI2Us embraces 
a platform strategy which is useful for mass produc-
tion, allows savings and ease of manufacturing. The 
platform strategy also provides structured modularity 
and a high degree of standardisation. 
 
CONCLUSION 
To handle REACH’s complexity, it was necessary to 
split the project, (for development purposes) into 
micro-clusters (e.g. Touchpoints, PADs, etc.) and to 
explore the domain interactions by systematically 
forming and testing micro-chains of its SMI flow. The 
REACH “Touchpoints and Engine” concept is entirely 
in line with the four PAD categories. This alignment 
allows that the SMI flow is developed, demonstrated, 
and exemplarily evaluated as a specific instantiation 
based on the four use case settings of REACH (Ge-
neva Hospital, Schön Klinik Bad Aibling, ZuidZorg, 
and Lyngby) and eventually as personalised instanti-
ation within each use case setting.  
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In the Global Smart Society, we have many research themes such as smart architecture, smart grid, human-based net-
work and information technologies including the collaboration with many countries. In the case of my researches, we 
focus on the human stress for the purpose of smart life on the super mature society. Many services that take personal 
preference into consideration have been provided in recent times. Hence, the process of the determination of personal 
preference, which was pioneered in Japan and is locally known as KANSEI, has been actively studied. Whereas sensitiv-
ity is generally inborn, KANSEI is considered to be a postnatal attribute. There are subjective and objective indexes in 
the method for determining personal preference. A subjective index is obtained by a questionnaire, whereas an objective 
index is determined by a bio-signal. In addition, an objective index can be quantified, which enables an objective and 
engineered approach. Incidentally, there have been many propositions regarding the relationship between an electroen-
cephalograph (EEG) signal and the preference determined by KANSEI in the analysis of a bio-signals. The propositions 
are based on the idea that “the state of the brain should change if the state of the person changes because the brain 
governs the mind, consciousness, recognition, and senses,” as well as other ideas. EEG is one of the bio-signals used 
as indexes for determining preference in the present study.  
 On the basis of our study, we propose various preference measurement systems for the olfactory sense, acoustic sense, 
haptic sense, taste sense, and visual sense (generally referred to as the five senses) as well as for a combination of the 
acoustic and visual senses.  In this study, we introduce the procedure for measuring the EEG and describe the analysis 
method.  

We also describe a sample application of the developed preference measurement systems, namely, “KANSEI analyzer”.  
 
Keywords: Stress Detection, Stress quantitative evaluation, Healthcare, KANSEI 

 
INTRODUCTION 
An EEG is an electrical signal produced by the activi-
ty of the cerebral cortex. It enables flexible and non-
invasive measurement of human brain activity with a 
high temporal resolution. It is well known that the 
EEG changes in accordance with the mental condi-
tion, cerebration, and emotion, and the measure-
ment point is defined by the international 10–20 
system. An EEG is generally measured on the basis 
of this system using multiple electrodes. However, 
there are some problems associated with the pro-
cess. For example, more than 30 min is required to 
position the electrodes. In addition, the subject 
needs to use a gel as an electrolyte, and this can be 
stressful. This makes multiple-electrode EEG devic-
es burdensome. We therefore present a simple EEG 
device that was developed in our collaboration. The 
EEG is easier to set up and its looseness makes it 
less stressful to the subject. Moreover, the proposed 
device measures the EEG activity at Fp1 (left frontal 
lobe) of the international 10–20 system (Fig.1), using 
a sampling frequency of 128 Hz. The hair at this 
measurement point produces very little noise. Fur-
thermore, changes in the EEG mainly occur in the 
prefrontal area. The simple EEG device is thus con-
sidered as being appropriate for EEG measurement 
to estimate human preference. In addition, the 

measurement method involves referential recording, 
wherein the reference electrode is placed on the left 
ear lobe and the exploring electrode is placed at Fp1. 
In this paper, we design the stress quantitative de-
tection system using only EEG, and apply the pro-
posed device to a real environment for obtaining 
every day’s life log as a health care.   

      
               Figure 1 International 10-20 method.  
In the previous study, we have researched the 
stresss detection using the simple device and made 
the real product named KANSEI Analyzer (Fig. 2). 
KANSEI analyzer detect human’s 5 moods, stress, 
concentration, like, calm, and interest levels as an 
online manner. This is the first technique of real time 
moods detection system. Stress detection is very 
important for us to make our daily life well [1].   
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Figure 2  KANSEI Analyzer (DENTSU science JAM 
[3][4]).  
 
This KANSEI analyzer is the simple device, it takes 
10 seconds for ready to measure the moods. It ena-
ble us to measure every time everywhere. By using 
this device, we investing the relationship between 
human calmness and the living environment i.e., 
every day exercise, living and bathroom temperature, 
and so on. These technique is very important for us 
to make not only our health but also our mental 
health [2].  
 
About simple EEG device 
This study employed a simple band-type EEG de-
veloped by the Dentsu Science JAM co. Ltd [3][4].  
Fig. 2 shows the EEG device which our used. The 
conventional EEG is expensive, large, and cannot be 
used in a natural environment. The physical features 
of the device make its use burdensome to the sub-
ject. In contrast, the EGG used in the present study 
is compact, measuring 120 mm (W) × 135 mm (D) × 
35 mm (H), which makes it less burdensome to the 
subject. It can also be used in a natural environment. 
The electrode is fixed to the headband and is posi-
tioned at Fp1 of the international 10–20 system, 
which is shown in Fig. 1. Discrete time data are ob-
tained and the EEG measurement is analyzed every 
second at a frequency of 24 Hz using 1 Hz intervals. 
A band filter between 4 and 22 Hz is employed, to-
gether with a time series data of each frequency 
component between 4 and 22 Hz.  
 
 
 
 
 
 
 
 
 
       Figure 3 Our proposed simple EEG device.  
 
 The EEG device in Fig. 4 is of the conventional type,
 which requires a long time to wear.  
The conventional device in the left picture requires 4
5 min to wear, and that in the right picture requires a
bout 30 min. In contrast, our simple EEG device requ
ires only 30 s to wear. It has only one electrode, whic
h makes it easy to wear. The advantages of our devi
ce are as follows:  
- Reduced number of electrodes.  

- Does not require a gel to be worn.  
- The subject can easily wear it by himself or her-

self at anytime and anywhere.  
 
 
 
 
 
 
 
 
                Figure 4 Conventional EEG devices. 

 
Analysis of the EEG 
EEG is an electrical signal produced by the activity of 
the cerebral cortex. It enables flexible and noninva-
sive measurement of human brain activity with a high 
temporal resolution. It is well known that EEG chang-
es in accordance with the mental condition, cerebra-
tion, and emotion, and the measurement point is 
defined by the international 10–20 system. EEG is 
generally measured based on this system using mul-
tiple electrodes. However, there are some problems 
associated with the process. For example, more than 
30 min is required to position the electrodes. In addi-
tion, the subject needs to use a gel as an electrolyte, 
and this can be stressful. This makes multiple-
electrode EEG burdensome. We therefore present a 
simple EEG device that was developed in our collab-
oration. The electroencephalograph is easier to wear 
and its looseness makes it less stressful to the sub-
ject. Moreover, the proposed device measures the 
EEG activity at Fp1 (left frontal lobe) of the interna-
tional 10–20 system, using a sampling frequency of 
128 Hz. The hair at this measurement point produces 
very little noise. Furthermore, changes in the EEG 
mainly occur in the prefrontal area. The simple EEG 
device is thus considered as being appropriate for 
EEG measurement to estimate human preference. In 
addition, the measurement method involves referen-
tial recording, wherein the reference electrode is 
placed on the left ear lobe and the exploring elec-
trode is placed at Fp1. The EEG data is analyzed 
every second by a fast Fourier transform, and the 
amplitude spectra can be obtained in the frequency 
range of 1–64 Hz. 

Pre-processing for noise, data mining, and pat-
tern recognition 

     Pre-processing is used to enable detection of the 
EEG. The available methods include FA [5], ICA, 
PCA, and multiple regression. The data obtained 
from the pre-processing are then mined using a sto-
chastic method such as incremental PCA, FLDA, 
SPCA, AMUSE, or SFLDA. The pattern recognition 
method is subsequently applied to the adopted sys-
tem. The procedure is illustrated in Fig. 5. 
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         Figure 5 Principle of the proposed method.  
 
 
EXPERIMENTS 
In this research, in order to measure the relationship 
between the daily stress and the thermal environ-
ment of the house, first, paying attention to the ther-
mal environment of the house and the stress reduc-
tion degree, an experiment protocol was constructed 
as follows:   
Step1: [0-1(min.)] EEG measuring  
Step2: [1-6(min.)] Exercise with Task 
Step3: [6-7(min.)] EEG measuring. 
 
In this protocol, stress in normal and after exercise is 
detected by electroencephalogram measurement, 
and the degree of stress relief is detected by com-
parison between before and after. Dual task walking 
was used as exercise here. Dual task walking is "to 
walk while saying the three numbers that flowed in 
reverse.Temperature measurement of the subjects' 
houses was conducted in November and the tem-
perature of the total of 6 locations including the living 
room rack position, the living room floor, the bed-
room shelf position, the bedroom floor, the clothing 
room, and the bed were measured. Here, the tem-
perature measurement was carried out using an 
Otori Jr (T & D Co.). As shown in Table 1, the tem-
perature inside the house varies depending on 
households. In the dressing room, the average was 
13.5 °C, but the difference was 7 °C, the maximum 
was 18.0 °C, the minimum was 10.7 °C. Such a 
difference in the temperature inside the house de-
pends on the insulation performance of the house 
itself and the performance of heating, so it is difficult 
to be conscious unless you compare it with other 
houses.  
 

Table 1. Temperature by location in residential area 
 

°C Living Floor Bedroom Bedfloor Dressingroom In bed 
Ave. 16.2 14.9 14.3 13.7 13.5 17.7 
Max. 23.2 18.7 19.8 17.3 18.0 23.5 
Min. 11.2 12.1 11.3 10.6 10.7 12.8 

 

SUBJECTS 
Subjects are 59 peoples (40-80 years) who live in 
Yusuhara-cho in Kochi Prefecture in Japan. 42.3% 
of the population of Yusuhara-cho is the elderly.  
   
RESULTS 
Analysis based on the sample data of 60 seconds 
stress level obtained from electroencephalogram 
analysis revealed that the average stress level be-
fore exercise was 38.3% and the average after exer-
cise was 27.5% and therefore decreased by 10.8% 
confirmed (Fig.6).  
By t test, p <0.05 was obtained and significant differ-
ence was confirmed. From these results, it was 
shown that stress is reduced by exercising with a 
double task. Next, we describe the relationship be-
tween the thermal environment of housing and 
stress, which is the main subject of this research. 
Focusing on the degree of stress reduction before 
and after the exercise and the thermal environment 
of the house, it was shown that there was a signifi-
cant difference in the degree of stress change due to 
the coldness of the dressing room out of the six 
places measured (Fig.7).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     
   Figure 6 Stress average before and after walking. 
 
Subjects who lived in a cold dressing room resi-
dence that was less than 13.5 degrees, which is the 
average temperature of the dressing room, had an 
average degree of stress reduction of 8.84% before 
and after walking, whereas in subjects who were 
warm at 13.5 degree. In the living subjects, the de-
gree of stress reduction was 15.1%. From these 
results, it was found that by keeping the dressing 
room warmer, the degree of stress reduction in-
creases even with the same momentum. In 59 ex-
perimental subjects, people living in warm houses 
were able to capture the phenomenon that stress 
tended to decrease with a little exercise. 
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Figure 7 The degree of stress reduction before and 
after walking in cold and warm dressing room. 
 

Conclusions 
In this study, we aimed to investigate the effect of 
thermal environment of houses on stress, and con-
ducted EEG analysis for stress detection. By elec-
troencephalogram analysis, stress showed a ten-
dency to decrease by exercising. In addition, focus-
ing on the thermal environment of the subjects' 
houses, it was found that the temperature of the 
dressing room has an influence on the degree of 
stress reduction, and when the dressing room is mild, 
the degree of stress reduction is large even with the 
same momentum. It was also found that people 
living in warm houses may be able to reduce stress 
with a little exercise compared to people living in 
cold houses. From now on, we plan to investigate 
the basis for this phenomenon from the viewpoint of 
neuroscience.  
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cold houses. From now on, we plan to investigate 
the basis for this phenomenon from the viewpoint of 
neuroscience.  
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The number of people who need nursing care has more than doubled from 2000 to 2012. In addition, demand for home 
care is high, and the importance of the indoor thermal environment in houses where elderly people spend most of their 
time has been reported. The objective of this study was to investigate the association of perceived indoor temperature 
with contributory factors of frailty. The frailty index used in this study was developed by Shinkai et al. and consists of 15 
questions to evaluate homebound status, fall risk and poor nutrition, which are important risk factors for frailty in older 
age. The score of this frailty index has high predictive validity for individuals starting to use nursing care insurance ser-
vices. Participants in this study were community-dwelling older adults using rehabilitation facilities in Osaka, Kochi and 
Yamanashi Prefectures, Japan. Standardised questionnaire surveys were conducted in winter of 2014, 2015 and 2017 to 
assess housing characteristics, health and frailty index score. Multiple logistic regression analysis was conducted using 
each factor of the frailty index as an objective variable and thermal environment, sex, age, body mass index, work expe-
rience and economic satisfaction as explanatory variables. Lower perceived indoor temperature was associated with ‘fall 
in the past year’ and ‘stumbling or slipping in the house’. These results suggest the importance of keeping the house 
warm to prevent the decline of physical performance. 
 
Keywords: Indoor temperature, Elderly, Questionnaire survey, Frailty, Fall risk 

 
INTRODUCTION 
The elderly population of Japan has been increasing 
year by year, and it is projected to continue increas-
ing 1. In particular, the number of people who require 
nursing care rapidly increased by more than two-fold 
between 2000 and 2012 2. The increase in social 
security benefit expenses accompanying the in-
crease in elderly people who need nursing care is 
also a serious problem 3. 
The concept of ‘frailty’ is an important part of pre-
venting the need for nursing care. Frailty can be 
considered as a preliminary stage leading to a condi-
tion requiring further care 4. It is highly prevalent with 
increasing age and confers increased risk for ad-
verse events, such as falls, hospitalisation, institu-
tionalisation and mortality 5,6,7. In recent years, frailty 
indexes have been developed with the aim of pre-
venting escalation of nursing care requirements. 
Fundamental concepts of the frailty index were de-
veloped by Fried et al. 8 through interview surveys 
for general medical care. Each concept was evaluat-
ed using a substitution index that included factors 
such as weight change and physical fitness. It is 
suggested that physical activity and muscle strength 
constitute a single concept and that promotion of 
physical activity and muscle strength improvement 
are important in preventing frailty. Although the frailty 
index developed by Fried et al. is the most popular, 

this scale is not easy to use as a questionnaire sur-
vey since it requires the actual measurement of 
walking speed and grip strength. Shinkai et al. 9 pro-
posed a ‘care prevention frailty index’ as a more 
convenient frailty index. This frailty index also sug-
gests that it is necessary to aggressively enhance 
physical function and muscle strength to prevent 
frailty. 
Similarly, the influence of the thermal environment 
has attracted attention in recent years as a cause of 
diseases requiring nursing care. About 20% of the 
causative diseases requiring nursing care are cardi-
ovascular diseases caused by hypertension. This 
includes cerebrovascular diseases and heart dis-
eases. Joint diseases, fractures and falls due to 
declining physical performance account for about 
20% of conditions of conditions requiring nursing 
care 10. Hypertension is considered to have various 
underlying risk factors such as dietary and exercise 
habits 11, but the influence of cold indoor environ-
ments on hypertension is also considerable 12. Lin-
demann et al. 13 showed that when people are ex-
posed to a cold indoor environment, the muscle 
strength of the limbs is lower and individuals walk 
slower compared with normal temperatures. Hayashi 
et al. 14  showed that elderly people living in cold 
homes are likely to exhibit greater declines in grip 
strength in winter compared with autumn. 
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Additionally, Hayashi et al. 15 reported that the age at 
which nursing care certification is received is 4 years 
earlier in people that perceive their homes to be cold 
relative to those who perceive their homes to be 
warm. Since elderly people spend a considerable 
amount of time at home 16, the indoor thermal envi-
ronment of homes is likely important for the promo-
tion of their health and preventing frailty.  
For successful prevention of frailty by improving 
indoor thermal environments, it is useful to under-
stand which contributory factors are affected by in-
door thermal environments. Therefore, the objective 
of this study was to investigate the association of 
perceived indoor temperature with the factors con-
tributing to frailty. 
 
METHODOLOGY 
Study protocol 
In the winters of 2014, 2015 and 2017, questionnaire 
surveys on indoor thermal environment and the frail-
ty of older people were conducted. Participants were 
community-dwelling older adults using rehabilitation 
facilities in Osaka, Kochi and Yamanashi Prefectures, 
Japan (Table 1). 
 
Questionnaire 
In the questionnaire, personal attributes of residents 
as well as the thermal insulation performance and 
thermal environments of the residents’ homes were 
assessed for the items shown in Table 2. 
The thermal environment was evaluated according 
to perceived indoor temperature. The CASBEE 
Health Checklist 17 was used for the perceived indoor 
temperature. In this checklist, frequency of feeling 
‘cold’ in each room in winter was rated on a 4-point 
scale consisting of ‘Often’, ‘Occasionally’, ‘Rarely’ 
and ‘Not at all’. A higher score indicates a lower fre-
quency of feeling cold. 
Thermal insulation performance was assessed using 
the ‘Residential environment assessment tool for 
health promotion’ developed by Takayanagi 18. We 
classified the thermal insulation performance of the 
residents’ houses based on the number of window 
panes, types of window sashes and building age. 
We excluded participants under 65 years old be-
cause they are unlikely to be certified as requiring 
nursing care. In addition, participants who did not 
respond to the perceived indoor temperature survey 
item and each factor of the frailty index were exclud-
ed. In total, 270 participants were selected for the 
effective analysis sample (Fig. 1).  
 
Frailty index 
The frailty index developed by Shinkai et al. consists 
of 15 questions to evaluate homebound status, fall 
risk and poor nutrition, which are important risk fac-
tors for frailty in old age. For each question, 1 point 

was given for a response of ‘negative’ and 0 points 
for a response of ‘positive’.  
 
Table 1. Overview 

Period  
(Area) 

August–December 2014 (Osaka) 
August–December 2015 (Osaka) 
September 2017 (Kochi) 
October 2017 (Yamanashi) 

Participants 

Community-dwelling older adults 
using rehabilitation facilities (n = 473) 
Osaka n = 187, Kochi n = 190,  
Yamanashi n = 96 

 
Table 2. Contents of the survey 

Major item Sub item 
Residents   Sex, age, height, weight, education, 

family size 
Economic satisfaction 

Homes   Thermal insulation performance 
Perceived indoor temperature 

Frailty   Frailty index developed by Shinkai et al. 
17    

 
Participants of questionnaire survey n = 473

No response for perceived indoor temperature n = 25

No response for personal attribute n = 163

No response for frailty index n = 7

Under the age of 65 n = 8

Analytically effective sample n = 270
 

Fig. 1. Subject flow (n = number of people) 

 
Fig. 2. Survey areas 19  
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Additionally, Hayashi et al. 15 reported that the age at 
which nursing care certification is received is 4 years 
earlier in people that perceive their homes to be cold 
relative to those who perceive their homes to be 
warm. Since elderly people spend a considerable 
amount of time at home 16, the indoor thermal envi-
ronment of homes is likely important for the promo-
tion of their health and preventing frailty.  
For successful prevention of frailty by improving 
indoor thermal environments, it is useful to under-
stand which contributory factors are affected by in-
door thermal environments. Therefore, the objective 
of this study was to investigate the association of 
perceived indoor temperature with the factors con-
tributing to frailty. 
 
METHODOLOGY 
Study protocol 
In the winters of 2014, 2015 and 2017, questionnaire 
surveys on indoor thermal environment and the frail-
ty of older people were conducted. Participants were 
community-dwelling older adults using rehabilitation 
facilities in Osaka, Kochi and Yamanashi Prefectures, 
Japan (Table 1). 
 
Questionnaire 
In the questionnaire, personal attributes of residents 
as well as the thermal insulation performance and 
thermal environments of the residents’ homes were 
assessed for the items shown in Table 2. 
The thermal environment was evaluated according 
to perceived indoor temperature. The CASBEE 
Health Checklist 17 was used for the perceived indoor 
temperature. In this checklist, frequency of feeling 
‘cold’ in each room in winter was rated on a 4-point 
scale consisting of ‘Often’, ‘Occasionally’, ‘Rarely’ 
and ‘Not at all’. A higher score indicates a lower fre-
quency of feeling cold. 
Thermal insulation performance was assessed using 
the ‘Residential environment assessment tool for 
health promotion’ developed by Takayanagi 18. We 
classified the thermal insulation performance of the 
residents’ houses based on the number of window 
panes, types of window sashes and building age. 
We excluded participants under 65 years old be-
cause they are unlikely to be certified as requiring 
nursing care. In addition, participants who did not 
respond to the perceived indoor temperature survey 
item and each factor of the frailty index were exclud-
ed. In total, 270 participants were selected for the 
effective analysis sample (Fig. 1).  
 
Frailty index 
The frailty index developed by Shinkai et al. consists 
of 15 questions to evaluate homebound status, fall 
risk and poor nutrition, which are important risk fac-
tors for frailty in old age. For each question, 1 point 

was given for a response of ‘negative’ and 0 points 
for a response of ‘positive’.  
 
Table 1. Overview 

Period  
(Area) 

August–December 2014 (Osaka) 
August–December 2015 (Osaka) 
September 2017 (Kochi) 
October 2017 (Yamanashi) 

Participants 

Community-dwelling older adults 
using rehabilitation facilities (n = 473) 
Osaka n = 187, Kochi n = 190,  
Yamanashi n = 96 

 
Table 2. Contents of the survey 

Major item Sub item 
Residents   Sex, age, height, weight, education, 

family size 
Economic satisfaction 

Homes   Thermal insulation performance 
Perceived indoor temperature 

Frailty   Frailty index developed by Shinkai et al. 
17    

 
Participants of questionnaire survey n = 473

No response for perceived indoor temperature n = 25

No response for personal attribute n = 163

No response for frailty index n = 7

Under the age of 65 n = 8

Analytically effective sample n = 270
 

Fig. 1. Subject flow (n = number of people) 
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Survey areas 
The survey was conducted in Osaka, Kochi and 
Yamanashi Prefectures, Japan (Fig. 2). The average 
temperature of Osaka in winter is 7.3°C 20, where 
winters are mild and summer is warm 21. The aver-
age temperature of Kochi in winter is 8.2°C 20, where 
winters are mild and summers are hot and humid 22. 
The average temperature of Yamanashi in winter is 
2.7°C 20, and there is a large temperature difference 
between summer and winter 23. 
 
Statistical analysis 
Mean ± standard deviation (SD) values are reported 
for variables with a normal distribution. A chi-square 
test was performed to compare the categorical data. 
Using a logistic regression model, we estimated the 
odds ratios (ORs) with 95% confidence intervals 
(CIs).  
We divided the sample into two groups based on 
perceived indoor temperature. This was evaluated 
according to a total score of 18 points for the living 
room, bedroom, dressing room, bathroom, hallway 
and restroom. A score below 9 points was consid-
ered cold and over 9 points was considered warm 
(Fig. 3). 
Before conducting the logistic regression analysis, 
we confirmed that there was no correlation between 
any variables with a correlation coefficient of 0.2 or 
higher. 
In this study, the objective variable was the frailty 
index, and the explanatory variables were physiolog-
ical factors (consisting of age, sex and body mass 
index) and social factors (consisting of economic 
satisfaction, family size and perceived indoor tem-
perature). 
All statistical analyses were performed using SPSS 
ver. 24.0 software (IBM Corp., Armonk, NY) for Win-
dows. 
 
RESULTS 
Characteristics of the residents 
There were 142 participants in Osaka, 74 partici-
pants in Kochi and 54 participants in Yamanashi. 
The mean age of all participants was 80.6 ± 8.2 
years old (Fig. 4). The mean body mass index of all 
participants was 22.2 ± 3.7 kg/m2, with 38 partici-
pants underweight, 175 participants within the nor-
mal range, and 57 participants overweight or obese 
(Fig. 5).  
Levels of educational attainment are summarised in 
Fig. 6, with 43% having completed university, 48% 
having completed high school and 9% having com-
pleted junior high school or lower. The percentage of 
participants that indicated they experience a little 
economic satisfaction comprised the majority (69%, 
Fig. 7). Additionally, 22% of participants were living 
alone, with the remainder living with at least one 
other person (Fig. 8). 
 

Characteristics of the residents’ homes 
The thermal insulating performance results are 
shown in Fig. 9, with no insulation, 1980 standard, 
1992 standard and 1999 standard comprising 27%, 
62%, 6% and 5% of responses, respectively.  
When asked how often participants feel cold in each 
room, answers of ‘Often’ were most commonly asso-
ciated with areas in which people spend little time, 
such as corridors, stairs and restrooms (Fig. 10).  

  
Fig. 4. Age Fig. 5. Body mass index          

  
Fig. 6. Final educational 
attainment 

Fig. 7. Economic satisfac-
tion         

  
Fig. 8. Family size Fig. 9. Thermal insulation 
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Chi-square test of perceived indoor temperature 
and frailty index 
Table 3 shows the results of the chi-square test of 
the frailty index. The analysis indicated that there 
were significant relationships between indoor thermal 
environment and falls. ‘Falling experienced in the 
last year’ was significant at the p < 0.10 level, and 
‘stumbling or sliding in the house’ was significant at 
the p < 0.05 level (Table 3). 

Multiple logistic regression analysis of perceived 
indoor thermal environment and the frailty index 
Each OR obtained is shown in Tables 4–6. The 
forced entry method was used for inputting variables.  
When all factors of the frailty index were examined 
for each objective variable, low p-values were ob-
tained for three factors related to falls. 
 

   
Table 3. Frailty index and perceived indoor temperature questions, data and chi-square test  

Factor of frailty index  
Cold group  Warm group p- 

value n (%) n (%) 

H
om

ebound 

Do you not go outside the house all day long and often 
spend time at home? 

No 36 (39.6) 78 (43.6) 
0.60 

Yes 55 (60.4) 101 (56.4) 
Usually, how often do you go out of the home for work 
 (including farm work), shopping and going to the hospi-
tal? 
 (Do not include going out only to the garden or taking out 
trash.) 

More than once  
in a few days 69 (75.8) 144 (80.4) 

0.43 Less than  
once a week 22 (24.2) 35 (19.6) 

Do you have anything you do in your house or outside,  
like hobbies, that you do for fun? 

Yes 48 (52.7) 100 (55.9) 
0.70 

No 43 (47.3) 79 (44.1) 
Are there neighbours who you can talk with intimately? Yes 51 (56.0) 108 (60.3) 

0.52 
No 40 (44.0) 71 (39.7) 

Do you have friends and relatives other than those in the 
neighbourhood? 

Yes 70 (76.9) 139 (77.7) 
0.50 

No 21 (23.1) 40 (22.3) 

Falling 

Have you fallen in the last year? No  43 (47.3) 103 (57.5) 
0.07 

Yes 48 (52.7) 76 (42.5) 
Can you walk a distance of about 1 km? I can do it without a

ny discomforts 29 (31.9) 64 (35.8) 

0.50 I can do it, but with
 discomfort or can’t
 do it 

62 (68.1) 115 (64.2) 

Can you see normally? (You may use glasses.) I can see normally 
(Can read books) 73 (80.2) 145 (81.0) 

0.50 
I can’t see much 18 (19.8) 34 (19.0) 

Do you often stumble or slip in the house? No  62 (68.1) 142 (79.3) 
* 

Yes 29 (31.9) 37 (20.7) 
Are you afraid of falling and do you refrain from going 

out? 
No  57 (62.6) 12 (69.8) 

0.15 
Yes 34 (37.4) 54 (30.2) 

Low
 nutrition 

Have you been hospitalised in the last year? No  59 (64.8) 126 (70.4) 
0.41 

Yes 32 (35.2) 53 (29.6) 
Have you had an appetite recently? Yes 77 (84.6) 153 (85.5) 

0.86 
No 14 (15.4) 26 (14.5) 

How much can you chew now? (Dentures may be used.) I can chew most  
things 

72 (79.1) 148 (82.7) 

0.51 I can’t really chew 
and things to eat  
are limited 

19 (20.9) 31 (17.3) 

Have you lost 3 kg or more in the past 6 months? No  76 (83.5) 148 (82.7) 
0.87 

Yes 15 (16.5) 31 (17.3) 
Do you think the muscles and fat of your body have de-
creased over the past six months? 

No  47 (51.6) 89 (49.7) 
0.80 

Yes 44 (48.4) 90 (50.3) 
      *p < 0.05 
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Chi-square test of perceived indoor temperature 
and frailty index 
Table 3 shows the results of the chi-square test of 
the frailty index. The analysis indicated that there 
were significant relationships between indoor thermal 
environment and falls. ‘Falling experienced in the 
last year’ was significant at the p < 0.10 level, and 
‘stumbling or sliding in the house’ was significant at 
the p < 0.05 level (Table 3). 

Multiple logistic regression analysis of perceived 
indoor thermal environment and the frailty index 
Each OR obtained is shown in Tables 4–6. The 
forced entry method was used for inputting variables.  
When all factors of the frailty index were examined 
for each objective variable, low p-values were ob-
tained for three factors related to falls. 
 

   
Table 3. Frailty index and perceived indoor temperature questions, data and chi-square test  
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value n (%) n (%) 

H
om

ebound 

Do you not go outside the house all day long and often 
spend time at home? 

No 36 (39.6) 78 (43.6) 
0.60 

Yes 55 (60.4) 101 (56.4) 
Usually, how often do you go out of the home for work 
 (including farm work), shopping and going to the hospi-
tal? 
 (Do not include going out only to the garden or taking out 
trash.) 

More than once  
in a few days 69 (75.8) 144 (80.4) 

0.43 Less than  
once a week 22 (24.2) 35 (19.6) 

Do you have anything you do in your house or outside,  
like hobbies, that you do for fun? 

Yes 48 (52.7) 100 (55.9) 
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No 43 (47.3) 79 (44.1) 
Are there neighbours who you can talk with intimately? Yes 51 (56.0) 108 (60.3) 

0.52 
No 40 (44.0) 71 (39.7) 

Do you have friends and relatives other than those in the 
neighbourhood? 

Yes 70 (76.9) 139 (77.7) 
0.50 

No 21 (23.1) 40 (22.3) 

Falling 

Have you fallen in the last year? No  43 (47.3) 103 (57.5) 
0.07 

Yes 48 (52.7) 76 (42.5) 
Can you walk a distance of about 1 km? I can do it without a

ny discomforts 29 (31.9) 64 (35.8) 

0.50 I can do it, but with
 discomfort or can’t
 do it 

62 (68.1) 115 (64.2) 

Can you see normally? (You may use glasses.) I can see normally 
(Can read books) 73 (80.2) 145 (81.0) 

0.50 
I can’t see much 18 (19.8) 34 (19.0) 

Do you often stumble or slip in the house? No  62 (68.1) 142 (79.3) 
* 

Yes 29 (31.9) 37 (20.7) 
Are you afraid of falling and do you refrain from going 

out? 
No  57 (62.6) 12 (69.8) 

0.15 
Yes 34 (37.4) 54 (30.2) 

Low
 nutrition 

Have you been hospitalised in the last year? No  59 (64.8) 126 (70.4) 
0.41 

Yes 32 (35.2) 53 (29.6) 
Have you had an appetite recently? Yes 77 (84.6) 153 (85.5) 

0.86 
No 14 (15.4) 26 (14.5) 

How much can you chew now? (Dentures may be used.) I can chew most  
things 

72 (79.1) 148 (82.7) 

0.51 I can’t really chew 
and things to eat  
are limited 

19 (20.9) 31 (17.3) 

Have you lost 3 kg or more in the past 6 months? No  76 (83.5) 148 (82.7) 
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Yes 15 (16.5) 31 (17.3) 
Do you think the muscles and fat of your body have de-
creased over the past six months? 
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0.80 

Yes 44 (48.4) 90 (50.3) 
      *p < 0.05 

Analysis of ‘falling experience’ resulted in an adjusted 
OR of 1.54 (95% CI, 0.90–2.64; Table 4). The OR for 
the factors of ‘stumbling and sliding in the house’ was 
1.98 (95% CI, 1.07–3.65). The factor of ‘stumbling and 
slipping in the house’ was significant at the p < 0.05 
level (Table 5). Moreover, the significance for the fac-
tor of ‘fear of falling’ was p = 0.19[[Please confirm.]] 
(Table 6). This analysis suggested that the thermal 
indoor environment contributes to the risk of falling. 
The OR can be interpreted as the probability that the 
experience of ‘stumbling and slipping’ in the house 
changes from ‘No’ to ‘Yes’ increases by a factor of 
1.98 when the perceived indoor temperature group 
changes from warm to cold.  
 
DISCUSSION 
Our results confirmed that the participants in homes 
perceived as cold were in a state of elevated fall risk 
consistent with a decline in physical performance 

caused by cold indoor environments, as noted in a 
previous study by Hayashi 14. Cold indoor environ-
ments are likely to increase the risk of falls. These 
results highlight the importance of maintaining a warm 
home to prevent physical decline. 
On the other hand, fall risk is considered to be largely 
influenced by factors other than thermal environment. 
For example, the factor ‘they often spend all day in the 
home’ was significant at p < 0.01 level for age. In addi-
tion, the factor of ‘having friends and relatives other 
than those in the neighbourhood’ was significant at p < 
0.05 for sex. As Yokogawa et al. 24 indicated, it is pos-
sible that the risk factor of staying indoors may be 
caused by malnutrition and daily life rhythms. There-
fore, measures beyond the thermal environment 
should be considered in order to address risk factors 
other than those for falls. 
 
 

Table 4. Falling in the last year (logistic regression analysis) 
Response 
variable 

Have you fallen in the last 
year? [ (0) No, (1) Yes] Odds ratio [-] p-value 95% CI 

Explanatory 
variable 

Sex [(1) Male (2) Female] 0.91 0.70 0.54–1.51 
Age [Continuous value (years)] 1.00 0.93 0.97–1.03 

Body mass index [Continuous value (kg/m2)] 0.97 0.34 0.90–1.04 
Perceived indoor temperature [(1) Warm, (2) Cold] 1.54 0.11 0.90–2.64 

Economic satisfaction [(1) High, (2) Low] 0.85 0.61 0.46–1.58 

Educational attainment 
(1) University graduate Reference 
(2) High school graduate 0.92 0.86 0.38–2.24 
(3) Junior high school graduate or lower 0.73 0.23 0.43–1.22 

Family size [(1) Living alone, (2) Living with 2 or more people] 0.94 0.98 0.53–1.81 
     n = 270 

Table 5. Stumbling and sliding around the house (logistic regression analysis) 
Response 
variable 

Do you often stumble or slip 
around the house? [ (0) No, (1) Yes] Odds ratio [-] p-value 95% CI 

Explanato-
ry variable 

Sex [(1) Man, (2) Woman] 1.10 0.76 0.60–2.00 
Age [Continuous value (years old)] 1.03 0.14 0.99–1.07 

Body mass index [Continuous value (kg/m2)] 1.00 0.99 0.92–1.08 
Perceived indoor temperature [(1) Warm, (2) Cold] 1.98  0.03* 1.07–3.65 

Economic satisfaction [(1) High, (2) Low] 1.82 0.08 0.92–3.59 

Educational attainment 
(1) University graduate Reference 
(2) High school graduate 0.36 0.12 0.12–1.27 
(3) Junior high school graduate or lower 1.12 0.72 0.61–2.05 

Family size [(1) Living alone, (2) Living with 2 or more people] 0.80 0.56 0.38–1.69 
 *p < 0.05, n = 270 

Table 6. Fear of falling (logistic regression analysis) 
Response 
variable 

Are you afraid of falling and 
do you refrain from going out? [ (0) No, (1) Yes] Odds ratio [-] p-value 95% CI 

Explanato-
ry variable 

Sex [(1) Man, (2) Woman] 1.53 0.14 0.87–2.68 
Age [Continuous value (years old)] 1.03 0.08 1.00–1.07 

Body mass index [Continuous value (kg/m2)] 1.03 0.45 0.96–1.11 
Perceived indoor temperature [(1) Warm, (2) Cold] 1.46 0.19 0.82–2.58 

Economic satisfaction [(1) High, (2) Low] 1.73 0.09 0.91–3.28 

Education attainment 
(1) University graduate Reference 
(2) High school graduate 1.11 0.82 0.44–2.77 
(3) Junior high school graduate or lower 0.80 0.44 0.45–1.42 

Family size [(1) Living alone, (2) Living with 2 or more people] 0.61 0.16 0.31–1.22 
 n = 270 
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Our results are rather valuable as the importance of 
nursing care in the home has been recently increasing 
in Japan. Indeed, most people prefer to receive nurs-
ing care services in their own homes 25. In addition, 
integrated community care system policies are rec-
ommended to promote nursing care in the house by 
the Ministry of Health, Labour and Welfare (MHLW) 26. 
Therefore, indoor thermal environments are very im-
portant for the prevention of nursing care. 
In this report, we examined the thermal environment of 
homes using an index of perceived indoor temperature. 
However, the thermal perception of elderly people may 
be uncertain. Thus, we should measure and examine 
the thermal environment of homes using a thermome-
ter in the future. 
 
CONCLUSIONS 
Surveys were conducted with elderly people who need 
nursing care in the community. This was done to clari-
fy the relationship between thermal environments of 
homes and the frailty index in winter. Our conclusions 
are as follows. 
 A chi-squared test on the perceived indoor tem-

perature and frailty index factors indicated there 
is a significant tendency for participants who have 
fallen to perceive their homes as cold. 

 Multiple logistic regression analysis was conduct-
ed by inputting sex, age, body mass index, eco-
nomic satisfaction, educational attainment and 
family size as explanatory variables and the frail-
ty index as an objective variable. In this analysis, 
relationships with the thermal environment were 
obtained for only the factors of falling. Especially 
cold groups tended to experience ‘stumbling and 
slipping in the house’. 
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The number of people living in single households has increased in Japan in recent years. Many older people living alone 
do not have opportunities for their wellbeing to be monitored by another person in daily life. Thus, a monitoring system in 
houses for detecting indicators of a high risk of falls, musculoskeletal diseases and lifestyle-related diseases would be 
valuable. Previous studies have tested monitoring systems using sensors installed on walls, floors or residents’ bodies. 
To avoid the difficulties of sensor position and the maintenance of many sensors, we tested a small sensor agent robot in 
the current study, investigating the optimal method for robotic monitoring in a real living environment. Here we report our 
findings, and consider the optimal positions of the residents and robot to allow the robot to acquire data regarding daily 
activities. 
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INTRODUCTION 
Because of Japan’s aging population, the number of 
people living in single households has increased in 
recent years. Thus, the need for systems to monitor 
a person’s lifestyle and analyze the risk of diseases 
is increasing. “Smart houses” provide a potential 
partial solution for meeting this need. In a smart 
house, sensors and actuators are embedded in the 
walls, floors, and ceilings to collect information about 
the environment and resident. These sensors can 
provide lifelog services, optimal control of devices, 
and a range of other functions1),2). “Smart home 
electronic products” that share information with other 
sensors to provide linked services are increasingly 
popular3). New types of sensors are developing rap-
idly, despite the long time required for house con-
struction. However, the replacement of sensors is 
frequently required, and the specifications of sensors 
and home electronic products are not integrated. To 
address these challenges, we have proposed a 
small sensor agent robot as an interface between 
the resident and the house. In this system, the robot 
follows the resident in the house, acquiring infor-
mation about them in their living space4)5)6). So far, 
we have developed algorithms for following4)5), phys-
ical and physiological data extraction (e.g., gait in-
formation4)5)6), daily activities7), respiration rates8), 
emotion data9)), and device control10)11). Moreover, 
several studies have investigated users’ impressions 
of sensor agent robots12)13). However, because many 
of these systems have only been evaluated in labor-
atory settings, they require verification in real living 
environments. In the current study, we present the 
findings of an experiment conducted with a sensor 
agent robot in a real living space. 

 
METHOD 
1. Sensor agent robot, “e-bioTβ” 
These robots, named “e-bio” devices, have been 
developed in cooperation with a laboratory at Keio 
University, enabling customization of the design. The 
newest series, “e-bioTβ”, was completed in July 
2017 (Fig. 1). Fig. 2. shows the former “e-bioN” se-
ries. “e-bio” devices are two-wheeled driving robots, 
with twin motors comprising a motor head and en-
coder, a motor-driver, and a battery (Fig.3). The 
specifications of both the “e-bioT” series and “e-
bioN” series are shown in Table. 1. The changes of 
“e-bioT” series’ specification from “e-bioN” are as 
follows: 
- The micro-controller has been changed to an 

mbed LCP176814) (ARM Ltd., Cambridge, UK)  
- The motors and wheels are connected by pul-

leys and belts 
- The width and the depth have been minimized 
- PC level has been added 
An mbed LCP1768 is mounted as the micro-
controller. This device is ready-made, making “e-
bioTβ” more reproducible. 
As the driving noise of the “e-bioN” model was prob-
lematic, we used pulleys and belts instead of gears 
to connect the motors and the wheels in the new 
system. This modification successfully reduced the 
noise of the device. The noise was reduced from 20 
dB to 10 dB when the robot moves at approximately 
3 km/h. 
Although the “e-bioN” series was round, we attempt-
ed to minimize the width and the depth of the “e-bio” 
device, while retaining the roundness of its edges. 
The size was fitted to the size of the mounted PC 
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(205 mm by 285 mm) which is the horizontally larg-
est item mounted on the base. (Fig.3). More minimi-
zation is possible, depending on the size of PC. 
The height of new model is more than two times that 
of the former model, because we added the PC level 

to simplify the exterior. The tall height of the robot 
reduces the distance between a person’s eye level 
and that of the robot, increasing the ease of commu-
nication. The scale impression of both models when 
following is shown in Fig. 4 and Fig. 5. 

Table 1. Specification comparison of former model “e-bioN” and new model “ebio-T” 
Items e-bioT e-bioN5) 

Size (mm) 396(W)×320(D)×443(H) 460(W)×460(D)×180(H) 
Wheel diameter (mm) 150 150 
Maximum speed (m/s) 5.0 5.0 

Micro-controller mbed Nakbot (handmade) 

Battery Nickel-metal hydride battery 
Capacity: 3900mAh 

Nickel-metal hydride battery 
Capacity: 3900mAh 

Longest running time (hours) 3.5 3.5 
Motor-wheel connection Pulleys and belts Gears 

 

  
Fig.1. The new model “e-bioTβ” Fig.2. The former model “ebio-N” 
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Fig.4. “e-bioTβ” following a person Fig.5. “e-bioN” following a person 
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Fig.4. “e-bioTβ” following a person Fig.5. “e-bioN” following a person 

2. Following method15) 
The “e-bio” robot follows a person to obtain physical 
and physiological data. The following method in the 
“e-bio” device was implemented using Kinect for 
Windows (Microsoft, Redmond, WA, USA)4). We 
conducted a recent study with Kinect v2, which is 
considered to be an effective sensor with high reso-
lution5)6). This sensor has a skeleton tracking func-
tion, which can automatically detect people without 
any markers via machine learning with enormous 
training datasets16). Although the skeleton tracking 
function could have been used for our following 
method with Kinect, which is the former version, we 
found that Kinect v2 often failed to acquire skeleton 
tracking data when the Kinect v2 device itself was 
moved 5)6). Thus, we used depth data for our follow-
ing method. This method for obtaining the position of 
a person is described below.  
The first depth data is acquired when the person to 
be followed stands in front of the Kinect v2 device to 
set the user at the middle point of the depth data. 
The depth data of the middle point is the initial depth, 
so it is necessary to set the person at the appropri-
ate position only for the first frame. From the second 
frame, the same index as the last frame is temporari-
ly selected. If the difference between this depth value 
and that of the last frame is less than 5 cm, the 
depth value indicates the same object as the last 
time. The edge of the body silhouette is then defined 
to have a difference of less than 3 cm with the depth 
data of the next index. The middle point is then rede-
fined by averaging the four edges (left and right, top 
and bottom), and the depth data are updated for the 
person. Fig. 6 shows the output of depth data. The 
largest circle expresses the depth of the target, and 
the four smaller circles express the edges.  
From the index of the updated depth position, the 
depth data and the definition of Kinect v2’s visual 
range, the position of the person on the horizontal 

axis can be calculated17). Inputting the position of the 
person, the speed commands for two wheels of “e-
bioTβ” can be calculated using the virtual spring 
model18) to avoid sudden movement. 
 

Depth of target

edge of body silhouette

 
Fig. 6. Kinect v2 depth image: the depth of the target is 
calculated by averaging the four edges. 
 
EXPERIMENTS 
We conducted experiments at a demonstration 
apartment at Sekisui House, Ltd. in September 2017. 
The apartment consists of one room and an entrance, 
a bathroom, a walk-in closet, and two balconies. The 
floor plan is shown in Fig. 7. We used the whole area 
shown in gray, excluding the entrance and bathroom. 
We did not include the bathroom because the moni-
toring of daily activities in the bathroom has the pri-
vacy concerns. Regarding the entrance, we as-
sumed that the door separating the room and the 
entrance would be closed in most cases for security. 
Even with the entrance and the bathroom excluded, 
we could simulate most daily activities with “e-bioTβ”.  
The scales of the area were set by taping every 50 
cm to measure the positions of the person and “e-
bioTβ”, as shown in Fig. 6. The experiments had 
three aims, as described below. 
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Fig.7. Floor plan of the apartment in which the experiment was conducted, with the corresponding expected daily activi-
ties. 
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1. Data acquisition for environmental map 
The depth data of the environment was acquired by 
“e-bioTβ” rotating 360° at the same position to calcu-
late environmental map data. As Fig. 8 shows, we 
defined the origin and X and Y axes. The depth data 
were acquired at three positions: A (2.0 m, 1.8 m), B 
(3.0 m, 2.0 m), C (0.5 m, 1.0 m). This process was 
used to compare the environmental map constructed 
from the depth data at one position with that pro-
duced by synthesizing depth data from two positions. 
We set position A at the middle of the room for the 
single position map, and positions B and C at the left 
and right side for the synthesized map. 
We reconstructed the 3D data from the acquired 
depth data using the definition of visual angles of 
Kinect v217). 3D plot data of 360° was calculated by 
synthesizing the selected six reconstructed 3D data 
rotated per 60°.  
2. Following by “e-bioTβ” in living space 
First, the following function of “e-bioTβ” in the living 
space was tested. We tested the following using the 
two routes shown in Fig. 9. Route #1 was from the 
living room to the kitchen, and route #2 was from the 
living room to the walk-in closet. Route #1 was test-
ed 15 times, while route #2 was tested four times. 
3. Demonstration of daily activity with “e-bioTβ” 
We considered our subjective impressions and the 
potential psychological effects of being followed by 
“e-bioTβ” while performing daily activities. Evaluating 
the lifestyle impact of living with “e-bioTβ” was also 
an important aim of the current experiment. The 
following daily activities were tested: getting up, 
cooking, eating, changing clothes, taking a rest, and 
going out.  
 

B (3.0,2.0)

A (2.0,1.8)

C (0.5,1.0)

O (0,0)
X

Y  
Fig. 8. The locations of “e-bioTβ” during depth data 
acquisition for making an environmental map 

Route #1

Route #2

 
Fig.9. Two expected routes for following. 

RESULTS AND DISCUSSION 
1. Environmental map 
Two environmental maps were compared. The first, 
as shown in Fig. 10 was produced with the depth 
data acquired at position A. The map shown in Fig. 
11 was produced using synthesized depth data ac-
quired at positions B and C. Both figures show the 
section at 300 mm height from the floor. The height 
of Kinect v2’s sight is approximately 440 mm, and 
the distance limitation of the depth sensor is 8000 
mm. As shown in Fig. 10, data acquisition at one 
position was not sufficient to create the environmen-
tal map. Data acquisition at two positions was better, 
but not perfect, as data were lacking for the kitchen 
and the other side of the bed. Data acquisition at two 
more positions (for example D [−2.5 m, 1.0 m] and E 
[5.5 m, 2.5 m] shown in Fig. 12) were required in this 
case. It is possible that data acquisition at only posi-
tions D and E would have been sufficient. This will 
be tested in a future experiment. 
 

 
Fig. 10. Environmental map produced with depth data 
acquired at position A. 

 
Fig. 11. Environmental map produced with depth data 
acquired at positions B and C. 

O (0,0)
X

Y

D (-2.5,1.0)

E (5.5,2.5)

 
Fig. 12. Positions D and E which are required to addi-
tionally acquire data for the environmental map. 
 
2. Importance of map 
The results revealed the importance of map infor-
mation. Unlike the experiment at laboratory, our 
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1. Data acquisition for environmental map 
The depth data of the environment was acquired by 
“e-bioTβ” rotating 360° at the same position to calcu-
late environmental map data. As Fig. 8 shows, we 
defined the origin and X and Y axes. The depth data 
were acquired at three positions: A (2.0 m, 1.8 m), B 
(3.0 m, 2.0 m), C (0.5 m, 1.0 m). This process was 
used to compare the environmental map constructed 
from the depth data at one position with that pro-
duced by synthesizing depth data from two positions. 
We set position A at the middle of the room for the 
single position map, and positions B and C at the left 
and right side for the synthesized map. 
We reconstructed the 3D data from the acquired 
depth data using the definition of visual angles of 
Kinect v217). 3D plot data of 360° was calculated by 
synthesizing the selected six reconstructed 3D data 
rotated per 60°.  
2. Following by “e-bioTβ” in living space 
First, the following function of “e-bioTβ” in the living 
space was tested. We tested the following using the 
two routes shown in Fig. 9. Route #1 was from the 
living room to the kitchen, and route #2 was from the 
living room to the walk-in closet. Route #1 was test-
ed 15 times, while route #2 was tested four times. 
3. Demonstration of daily activity with “e-bioTβ” 
We considered our subjective impressions and the 
potential psychological effects of being followed by 
“e-bioTβ” while performing daily activities. Evaluating 
the lifestyle impact of living with “e-bioTβ” was also 
an important aim of the current experiment. The 
following daily activities were tested: getting up, 
cooking, eating, changing clothes, taking a rest, and 
going out.  
 

B (3.0,2.0)

A (2.0,1.8)

C (0.5,1.0)

O (0,0)
X

Y  
Fig. 8. The locations of “e-bioTβ” during depth data 
acquisition for making an environmental map 

Route #1

Route #2

 
Fig.9. Two expected routes for following. 

RESULTS AND DISCUSSION 
1. Environmental map 
Two environmental maps were compared. The first, 
as shown in Fig. 10 was produced with the depth 
data acquired at position A. The map shown in Fig. 
11 was produced using synthesized depth data ac-
quired at positions B and C. Both figures show the 
section at 300 mm height from the floor. The height 
of Kinect v2’s sight is approximately 440 mm, and 
the distance limitation of the depth sensor is 8000 
mm. As shown in Fig. 10, data acquisition at one 
position was not sufficient to create the environmen-
tal map. Data acquisition at two positions was better, 
but not perfect, as data were lacking for the kitchen 
and the other side of the bed. Data acquisition at two 
more positions (for example D [−2.5 m, 1.0 m] and E 
[5.5 m, 2.5 m] shown in Fig. 12) were required in this 
case. It is possible that data acquisition at only posi-
tions D and E would have been sufficient. This will 
be tested in a future experiment. 
 

 
Fig. 10. Environmental map produced with depth data 
acquired at position A. 

 
Fig. 11. Environmental map produced with depth data 
acquired at positions B and C. 

O (0,0)
X

Y

D (-2.5,1.0)

E (5.5,2.5)

 
Fig. 12. Positions D and E which are required to addi-
tionally acquire data for the environmental map. 
 
2. Importance of map 
The results revealed the importance of map infor-
mation. Unlike the experiment at laboratory, our 

simple following program did not function well with 
complex paths (e.g., around the kitchen in route #1). 
“e-bioTβ” was programmed to never be closer than 
1.5 m to the person, so it would never turn a corner 
without capturing the person’s position. The “e-
bioTβ” device required an input map, and predicted 
the person’s position around the corner. 
3. The size of “e-bioTβ” 
Importantly, the “e-bioTβ” device seemed larger in a 
real living environment than we had anticipated from 
earlier testing in laboratory settings. The width of the 
narrowest path in the living environment was approx-
imately 1 m. As the size of “e-bioTβ” is 396 mm by 
320 mm, a person could not easily pass by it in such 
a narrow path. The optimal size of the robot for fitting 
to the width of paths in real living environments 
should be examined in future studies. To function in 
an environment with narrow paths, the “e-bioTβ” 
needs to move while not becoming an obstacle for 
the person. Thus, a program for predicting the per-
son’s next direction (i.e., in/out) should be imple-
mented in “e-bioTβ”. A previous study suggesting a 
method for interaction when passing by a person in a 
narrow path19) could be useful for this purpose. 
4. Small movements and walking 
Our observations suggested that being followed by 
the device might cause distraction during continuous 
daily activities involving slight movements, such as 
cooking and preparing meals. Thus, it would be more 
appropriate for “e-bioTβ” to remain in one place 
while these activities are monitored. Slight move-
ments during cooking, for example, should not be 
recognized as walking, but as an activity. The 
threshold between slight movement and walking 
should be examined in future studies. 
5. Necessity of using a mobile robot 
In small rooms, there may be no need to use a mo-
bile robot. “e-bioTβ” would be unlikely to have suffi-
cient space to move in a small room. Throughout the 
experiment, we considered the necessity of using a 
mobile robot. However, robots provide a different 
impression compared with stationary sensors, which 
can be beneficial. Thus, if “e-bioTβ” is used in a 
small single room, it can maintain monitoring simply 
by rotating, which can be considered one form of 
following. 
6. The appropriate following algorithm 
The purpose of following is to acquire data about a 
person’s daily activities. Thus, the following algorithm 
depends on the quality of the sensor. If the quality of 
sensor is high, the robot does not need to follow the 
person until they disappear from sight. In the current 
case, we used Kinect v2 to gather depth data with 
high resolution. However, the most effective algo-
rithm depends on the data to be acquired. If gait 
analysis and movement analysis during daily activi-
ties are desired, Kinect v2 needs to acquire data at a 

distance of approximately 1.5 m. Thus, “e-bioTβ” 
needs to follow the person while maintaining a dis-
tance of 1.5 m. If logging daily activities is required, 
the optimal measuring distance is greater (e.g., 2.5 
m7)). Thus, the following algorithm needs to be opti-
mized in consideration of the following conditions: 
- Quality of the sensor to be used 
- Type of data to be acquired 
Considering these factors, the optimal distance be-
tween “e-bioTβ” and the monitored subject can be 
determined. 
 
CONCLUSION 
In this study, we presented a performance test for a 
robotic device to monitor a person’s behavior in a 
living space. The experiment used a following robot 
developed in our laboratory, in a real living environ-
ment. Examination of the optimal behavior of the 
robot and the challenges involved led to the following 
conclusions: 
- The optimal size of the robot should be studied 

further 
- The robot’s following algorithm should be deter-

mined depending on the sensor quality and data 
type 

- The robot needs to distinguish walking from 
other daily activities, to follow the person only 
while walking 
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Various companies around the world develop technology and produce innovative products one after the other.AI and 

robotics technologies in particular are starting to be used more. These technologies are expected to be successful in 

simple labor and production effects. However, intellectual productivity (efficiency produces intellectual artifacts), still re-

quire improving the ability of human beings. Therefore, the means to improve productivity is needed. To develop an envi-

ronment to support personal productivity, we aimed to clarify what design is preferred. This paper aims to clarify what 

kinds of design elements in environments stimulate mental activity. This study examined the effects on brain activity in 

different booth shape environments using wearable optical topography. Productivity is divided into three tiers: "infor-

mation processing activities," “knowledge processing activities,” and “knowledge creation activities.” This experiment 

focused on information processing activities, specifically productivity standards. The subjects' mental activity in the pre-

frontal cortex was measured during working memory tasks in four kinds of booth: a small white booth, a large white booth, 

a small yellow booth, and a large yellow booth. In addition, information processing activities lasted 15 minutes. An analy-

sis was performed using a combination of psychological surveys and related scientific information. This paper revealed 

that type of environment space needed to activate mental activity in all four booths. 

 

Keywords: Cerebral blood flow, Information processing, Shape, Booth 

 
1. BACKGROUND TO STUDY 
At present, the decline in Japan's population is be-

ing taken up as a serious problem. It is expected that 
from now onwards owing to the declining birthrate 
and aging population, the labor force will decrease, 
and domestic productivity will thereby fall significantly. 
It is therefore an urgent task to improve the produc-
tivity of individual workers so that productivity does 
not fall. In particular, it is necessary to improve not 
only productivity down to simple labor but also “intel-
lectual productivity,” which is defined as the efficien-
cy of creating intellectual deliverables in an office.  
It is an accepted fact that technologies will continue 

to develop further into the future; for example, artifi-
cial intelligence (AI) will be applied to simple produc-
tion work and manual labor. In particular, it is ex-
pected that AI-based robot technology will be used 
more often and boost productivity of manual labor.  
As for intellectual productivity, however, it is still 

necessary to improve the capability of people; ac-
cordingly, it is necessary to clarify the means to im-
prove intellectual productivity. That means is ex-
pected to have a positive effect on social and eco-

nomic issues such as a declining birthrate combined 
with an aging population as well as falling GDP. 
 
2. INTELLECTUAL ACTIVITIES CONCERNING THIS STUDY 
The Intellectual Productivity Research Committee 

launched by the Ministry of Land, Infrastructure and 
Transport has defined a hierarchical model of a 
building space and intellectual activity [1] (Fig. 1). As 
the initial stage of research on environmental design 
to support individual intellectual activities, this study 
focused on an intellectual activity of the first hierar-
chy, namely, “information processing,” which is the 
foundation of all other intellectual activities. Accord-
ing to previous studies, brain activities related to 
computational tasks (cited as the intellectual activity 
of information processing) are generally related to 
functions called “working memory” [2]. It is reported 
that the prefrontal cortex in the brain is involved in 
those activities [3]. Therefore, a device for measuring 
cerebral blood flow—namely, a wearable-optical-
topography apparatus (WOT-100-16)—specialized 
for the prefrontal cortex was used in this experiment 
(Fig. 2). The measurement region was composed of 
16 points on the forehead, namely, channels 4 to 19 
(Figure 3). 
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Fig.1 Hierarchical Model 

 Fig.2 Wearable-optical-topography    Fig.3 16 points 
 
3. AIM OF STUDY 
As a follow-up to our previous study [4], in this 

study, we focused on and verified the shape of a 
space, namely, an element of a physical environment, 
from the viewpoint of an architectural planning sys-
tem by applying a method for measuring cerebral 
blood flow (which is a field of brain science based on 
human biological information). We investigated the 
shape from a scientific viewpoint by analyzing cere-
bral blood flow and from an emotional point of view 
by psychoanalysis. With this combined approach, we 
clarified what kind of physical environment improves 
intellectual activity. 
 
4. STUDY METHODS 
4-1. OVERVIEW OF EXPERIMENT 
In this experiment, to achieve the aim described 

above, cerebral blood flow during an intellectual 
activity was measured. The experiment was con-
ducted for 13 days (namely, from September 13 to 
October 26, 2017) with 30 university students as 
subjects (15 males and 15 females with average age 
of 22.63 years). Owing to changes in the office envi-
ronment, types of offices known as “free address”—
namely, booth-type spaces for working in intensive-
ly—are frequently seen. It was thus assumed that 
intellectual activities were performed in a booth 
space (Figure 4). The size of the booth space, 1000 
(width)×1200 (depth)×1800 mm (height)), was the 
same as that in a previous study, “The influence of a 
color environment in a booth space on brain activity” 
[4], performed by the authors in accordance with the 
standard four-sided booth cited in the study “Pro-
posal on the placement and dimensions of partitions 
for reliably performing electronic activities” [5], 
Therefore, so that the volumes of each booth (with 
differing shapes) were equal, the dimensions of an 
equilateral-triangular booth were set to 1670 mm 
(sides) and 1600 mm (height)), and those of a cylin-
drical booth were set to 620 mm (radius) × 1800 mm 
(height) (see Figs. 5 and 6). Moreover, as for the 
size of the workbench in each booth, the areas of the 
workbenches were unified in terms of area (0.4 m2), 
and the height of the workbench was set to 700 mm. 

Each booth space was made of wood, and all sur-
faces of the inner walls of the booth and workbench 
were coated with white paint (N-95-L), namely, the 
most-similar color represented as standard white (N 
10) from the Munsell color chart according to the 
color number of the Japan Paint Manufacturers As-
sociation. As for fixtures and experimental equipment, 
chairs with general dimensions (i.e., 400 to 450 mm 
in height) were installed, and monitors and control-
lers for intellectual activities were installed on the 
workbenches. 

Fig.4 Experimental landscape 

Fig.5 Booth environment 

Fig.6 Booth environment plan view 
 

4-2. EXPERIMENTAL ENVIRONMENT 
The experiment was conducted in an experimental 

classroom (Figure 7). In the experiment, the meas-
urement equipment, monitors, and chairs were ar-
ranged in accordance with the order that the subjects 
were tested. To avoid the influences of the external 
environment, lighting, and air conditioning, it is nec-
essary to continuously block outside light as much as 
possible by utilizing a built-in blind during the exper-
iment to avoid the influence of natural light. And a 
fluorescent lamp was used to maintain constant 
brightness. Moreover, in consideration that air-
conditioned air should not hit the subject directly as 
much as possible, room temperature was kept at 
25°C by automatic air conditioning. Care was taken 
to avoid difference in PMV  according to the date of 
the experiment. 



43

Fig.1 Hierarchical Model 

 Fig.2 Wearable-optical-topography    Fig.3 16 points 
 
3. AIM OF STUDY 
As a follow-up to our previous study [4], in this 

study, we focused on and verified the shape of a 
space, namely, an element of a physical environment, 
from the viewpoint of an architectural planning sys-
tem by applying a method for measuring cerebral 
blood flow (which is a field of brain science based on 
human biological information). We investigated the 
shape from a scientific viewpoint by analyzing cere-
bral blood flow and from an emotional point of view 
by psychoanalysis. With this combined approach, we 
clarified what kind of physical environment improves 
intellectual activity. 
 
4. STUDY METHODS 
4-1. OVERVIEW OF EXPERIMENT 
In this experiment, to achieve the aim described 

above, cerebral blood flow during an intellectual 
activity was measured. The experiment was con-
ducted for 13 days (namely, from September 13 to 
October 26, 2017) with 30 university students as 
subjects (15 males and 15 females with average age 
of 22.63 years). Owing to changes in the office envi-
ronment, types of offices known as “free address”—
namely, booth-type spaces for working in intensive-
ly—are frequently seen. It was thus assumed that 
intellectual activities were performed in a booth 
space (Figure 4). The size of the booth space, 1000 
(width)×1200 (depth)×1800 mm (height)), was the 
same as that in a previous study, “The influence of a 
color environment in a booth space on brain activity” 
[4], performed by the authors in accordance with the 
standard four-sided booth cited in the study “Pro-
posal on the placement and dimensions of partitions 
for reliably performing electronic activities” [5], 
Therefore, so that the volumes of each booth (with 
differing shapes) were equal, the dimensions of an 
equilateral-triangular booth were set to 1670 mm 
(sides) and 1600 mm (height)), and those of a cylin-
drical booth were set to 620 mm (radius) × 1800 mm 
(height) (see Figs. 5 and 6). Moreover, as for the 
size of the workbench in each booth, the areas of the 
workbenches were unified in terms of area (0.4 m2), 
and the height of the workbench was set to 700 mm. 

Each booth space was made of wood, and all sur-
faces of the inner walls of the booth and workbench 
were coated with white paint (N-95-L), namely, the 
most-similar color represented as standard white (N 
10) from the Munsell color chart according to the 
color number of the Japan Paint Manufacturers As-
sociation. As for fixtures and experimental equipment, 
chairs with general dimensions (i.e., 400 to 450 mm 
in height) were installed, and monitors and control-
lers for intellectual activities were installed on the 
workbenches. 

Fig.4 Experimental landscape 

Fig.5 Booth environment 

Fig.6 Booth environment plan view 
 

4-2. EXPERIMENTAL ENVIRONMENT 
The experiment was conducted in an experimental 

classroom (Figure 7). In the experiment, the meas-
urement equipment, monitors, and chairs were ar-
ranged in accordance with the order that the subjects 
were tested. To avoid the influences of the external 
environment, lighting, and air conditioning, it is nec-
essary to continuously block outside light as much as 
possible by utilizing a built-in blind during the exper-
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4-3. EXPERIMENTAL PROCEDURE 
The experimental procedure is shown in Figure 8, 

and the flow of four arithmetic tasks used as intellec-
tual activities of information processing is shown in 
Figure 9. As for the actual experimental procedure, 
each subject was first asked to answer a question-
naire to ascertain their current fatigue state and 
mood on the day of the test. After that, the subject 
was sat at a predetermined position in one of the 
booth spaces (where the distance between the moni-
tor screen and the observer’s eye is 75 cm), and the 
cerebral-blood-flow measurement device was at-
tached to the subject’s head. Next, when the connec-
tion with the equipment was confirmed, the subject 
was instructed to perform the four arithmetic tasks 
quickly and input their answers using the controller 
at hand. After starting the experiment, the subject 
performs the arithmetic-calculation tasks for 15 
minutes.  
In the basic-arithmetic task, first, a slide with a 

white “+” sign in the center of a black background 
was presented on the monitor for 20 seconds (“rest 
segment”) in order to calm the cerebral blood flow of 
the subject. After that, a problem slide was presented 
for three seconds, and an option slide was presented 
for another three seconds. This sequence, namely, 
resting segment (20 s) → problem segment (3 s) → 
option segment (3 s), was repeated 34 times. Finally, 
the measurement was completed with another rest 
segment. The total measurement time was 15 min, 4 s.  
After the arithmetic-calculation tasks were complet-

ed, the cerebral-blood-flow measurement device was 
removed, and to finish up the experiments, the sub-

jects were given a questionnaire to confirm their 
fatigue and mood states after the activity and a ques-
tionnaire to evaluate their impression of the booth 
space.  
Since all subjects were university students, the four 

computational tasks set as intellectual activities were 
based on the four arithmetic tasks (four digits per 
column), which the author (of similar age as the 
subjects) performed beforehand, with difficulty level 
that allows them to be solved without a time limit 
(see Fig. 10).  
For each of the four arithmetic tasks, different cal-

culation contents were uses for different booths, but 
all problem formats were unified as four-digit mixed 
calculations. Since the controller is operated in the 
same manner by all subjects, it is expected that the 
subjects will become “accustomed” to the calculation 
tasks. Accordingly, to avoid the influence of the order 
the booths used in the experiment, the order in 
which the booths were used was changed for each 
subject so that bias did not occur. Furthermore, to 
avoid the influence on the subject’s fatigue state 
and/or mood state, the schedule was arranged so 
than each subject was subjected to one experiment 
per day. As for the questionnaire survey, a method to 
evaluate the subject’s fatigue state and mood state 
in five stages was used, and their impressions were 
evaluated by the sensitivity-emphasis SD method 
(Fig. 11). 

Fig.8 Experiment procedure 

Fig.9 Flow of information processing task 

Fig.10 Information processing task example 
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Fig.11 Questionnaire 
 
4-4. METHOD FOR MEASURING CEREBRAL BLOOD FLOW 
As for the data obtained in this experiment, “brain-

activity values” were calculated by signal-processing 
analysis. First, using the brain activity-signals meas-
ured by the wearable-optical-topography apparatus, 
a standard signal-processing platform (Platform for 
Optical Topography Analysis Tools [8]) operating on 
MATLAB, was used to convert the transmitted-light 
data to oxygenated-hemoglobin concentration (here-
after “oxy-Hb”) and change in deoxygenated-
hemoglobin concentration (hereafter “deoxe -Hb”). 
As the analysis target, the oxy-Hb signal from 16 
places on the prefrontal cortex was focused on. All 
subjects were grouped according to [some measure] , 
and (1) measured CH  (including body-movement 
artifacts) values showing a change of 0.5 mM・mm or 
more per sampling were excluded, (2) a mark in the 
segment was introduced at 15 seconds after the 
option segment and 5 seconds before selection 
segment, (3) the mark was edited, (4) motion of the 
mark was checked, (5) data matching the mark were 
blocked, and (6) the baseline was corrected by using 
data before and after the tasks were presented. 

 
5.  RESULTS OF EXPERIMENT 
5-1.  CORRECT-ANSWER RATE FOR ARITHMETIC TASKS 
The correct-answer rate for the calculation tasks 

(performed 34 times in 15 minutes) are shown in 
Figure 12. As for the correct-answer rates, the re-
sults in ascending order are ranked as circular “cy-
lindrical booth” (88.133%), “square booth” (90.697%), 

and “triangular booth” (92.170%). The task-response 
rates are listed in Table 1. According to the results in 
the table, the task-response rates are ranked in or-
der of quickness as “triangular booth,” “square 
booth,” and “cylindrical booth.” In terms of the supe-
riority order of the booths, this result agrees with that 
for correct-answer rate.  
According to the results of one-factor analysis of 

variance, the significant difference between the task-
response rates for each booth  is 1% (F(2, 87) = 
6.002, p<0.01). In addition, the result of multiple 
comparison using Tukey's HSD revealed that the 
significant difference between the shape of the trian-
gular booth and the shape of the cylindrical booth is 
1% . 

Fig.12 Correct-answer rate [%] 
 

Table.1 Task-response rates [ms] 

 
5-2.  MEASURED CEREBRAL BLOOD FLOW 
The results of cerebral-blood-flow measurement 

during the intellectual-activity tasks set in this exper-
iment are shown in Figure 13. The data obtained 
from the computational tasks performed 34 times (× 
30 subjects) were categorized. Brain-activity maps 
and time-series waveforms were then created by 
adding and averaging time-series data obtained from 
those categories. In each time-series waveform, the 
time at 5 s before the presentation of the problem 
segment was set to zero, and 6 s from the presenta-
tion of the problem segment to the end of the 
presentation of the option segment was shaded .  
In addition, as for the intellectual-activity tasks used 

in this experiment, cognitive activity is caused by 
information processing; consequently, in considera-
tion of the results of previous studies [6,7] and the 
fact that that a brain-activity signal has a delay of 5 
to 6 s, the maximum-brain-activity values for the 
interval from 5 to 10 s after starting the task for the 
regions on the forehead related to working memory 
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Comparing the activity areas where the color of the 
brain-activity map is darker reveals that the booths 
can be ranked in descending order of superiority as 
“triangular booth,” “square booth,” and “cylindrical 
booth”. In the brain-activity map for each booth, it is 
clear that on the whole, the left side of the brain is 
mostly active; accordingly, the left side of the brain 
tends to be active during the four arithmetic tasks 
used as information-processing activities. It can be 
seen from the time-series waveforms that the brain 
activity rapidly intensifies from 5 s after the problem 
is presented in the cases of the square booth and 
the triangular booth; however, in the case of the 
cylindrical booth, the activity intensifies more gradu-
ally. In the case of all booth types, after the brain 
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FIG.13 Brain activity maps and time-series waveforms 
 

Fig.14  Maximum cerebral activity [mM・mm] 

5-3. FATIGUE AND MOOD STATUS QUESTIONNAIRE SURVEY 
Before and after the intellectual activities performed 

in this experiment, the subjects were asked to evalu-
ate their fatigue state and mood state at five stages. 
The fatigue condition was ranked as follows: “5 (very 
good)”; “4 (fine)”; “3 (normal)”; “2 (tired)”; and “1 
(very tired)”; and the mood state was ranked as “5 
(very good); “4 (good)”; “3 (normal)”; “2 (bad)”; and 
“1 (terrible)”; and the changes in these rankings 
before and after the experiment were calculated.  
Average value and average change in fatigue and 

mood states of the 30 subjects for each booth type 
are listed in Table 2. The results in the table reveal 
the influence of the shape of the booth space on the 
fatigue and mood states of the subjects. That is, as 
for the trend in the intellectual activity of information 
processing, the amount of change in the fatigue 
state before and after the experiment is ranked as 
“square booth” (-0.38), “triangular booth” (-0.47), and 
“cylindrical booth” (-0.28); in other words, the deteri-
oration in fatigue state is the largest in the case of 
the triangular booth.  
The amount of change in the mood state of the sub-

jects before and after the experiment is ranked as 
“square booth” (-0.10), “triangular booth” (-0.13), and 
“cylindrical booth” (-0.21); in other words, the 
amounts of change in mood for each booth are 
smaller than those in fatigue state. In addition, it was 
clear that the deterioration in mood state is greatest 
in the case of the cylindrical booth. 
 

Table.2 Fatigue and Mood state change amount 

 
5-4. RESULTS OF QUESTIONNAIRE TO EVALUATE IMPRESSION 
For the impression-evaluation questionnaire  con-

ducted after the intellectual activities tasked in this 
study, the sensitivity-emphasis semantic-differential 
(SD) method (Fig. 11) was used. This method is an 
intuitive SD method that uses an analog evaluation 
version with a gradient in shape, draws a line on a 
bar according to intuition, and takes statistics as a 
score. In regard to the conventional method of mark-
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ing the corresponding column of pairs of opposing 
adjectives in five or seven stages, in the course of 
marking, the subject inevitably has to convert sensi-
tivity (cerebral-limbic-system information) into logic 
information on the cerebral cortex. It is therefore a 
method that can obtain a detailed evaluation of the 
impression of subjects because it is considered that 
confusion accompanies converting sensitivity into 
logic (mapping) and “many things are lost in the 
evaluation of sensitivity” [8], [9].  
In this experiment, 15 pairs of opposing adjectives 

were scored in the range of 0 to 100 so as to evalu-
ate the subjects’ impressions of the booth spaces. 
The average values of the 34 subjects obtained by 
the impression-evaluation questionnaire comparing 
each booth type are shown in Figure 15. These re-
sults reveal the difference in each booth type. As 
comments showing differences between the booth 
types, “Low stimulation” and “Non-creative” were 
mentioned in regard to the square booth, and 
“closed,” “narrow,” and “concentrated” were men-
tioned in regard to the triangular booth. In regard to 
the cylindrical booth, “Bright,” and “Flaccid” were 
mentioned. 

 
Fig.15 Evaluation graph of impressions 

 
 
6.  DISCUSSION 
According to the results for correct-answer rate, the 

booths can be ranked in descending order of superi-
ority as “triangle booth,” “square booth,” and “cylin-
drical booth.” From this result, it is conceivable that a 
space that can concentrate gaze in one direction 
(like a triangle) can also concentrate the mind on 
tasks. Moreover, 17 subjects gave the opinion that 
the depth of the cylindrical booth was difficult to 
judge; consequently, in a space whose depth cannot 
be easily judged, it is possible that the subjects’ con-
centration might have been distracted.  
The results of the cerebral-blood-flow measurement 

showed that the superiorities of the brain-activity 
map and maximum-brain-activity  values are propor-
tional to the correct-answer rate; it is therefore con-
ceivable that the activation of brain activity may af-
fect the correct-answer rate. Additionally, when with 
the response rates of tasks are compared, it became 
clear that brain activity may also influence response 
rate because response rate was high in environ-
ments (booths) where brain activity was intense. 
When the results of the impression-evaluation 

questionnaire showing that the triangular booth dif-
fered from the other booths in terms of superior re-
sults for correct-answer rate and brain-activity-
measurement value were focused on, it becomes 
clear that the difference affected the items  “private,” 
“closed,” “narrow,” and “concentrated.” It thus follows 
that these items  may have a favorable influence on 
information-processing activities. 
As for the results of the questionnaires on fatigue 

and mood states, the amount of change in fatigue 
state before and after the experiment became great-
er as the brain activity intensified with type of booth; 
accordingly, it is possible that fatigue worsens with 
activation of brain activity. As for the mood state, 
although deterioration before and after the experi-
ment was observed for each type of booth, the 
amount of change was small; therefore, the influence 
of the shape of the booth space on mood state is 
considered to be small. 
 
7.  CONCLUDING REMARKS 
In this study, which tested three types of booth-

space shape, cerebral blood flow during information-
processing activities was experimentally measured, 
and impression-evaluation questionnaires using the 
sensitivity-emphasizing SD method were used to 
evaluate fatigue state and mood state before and 
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that these items  may have a favorable influence on 
information-processing activities. 
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state before and after the experiment became great-
er as the brain activity intensified with type of booth; 
accordingly, it is possible that fatigue worsens with 
activation of brain activity. As for the mood state, 
although deterioration before and after the experi-
ment was observed for each type of booth, the 
amount of change was small; therefore, the influence 
of the shape of the booth space on mood state is 
considered to be small. 
 
7.  CONCLUDING REMARKS 
In this study, which tested three types of booth-

space shape, cerebral blood flow during information-
processing activities was experimentally measured, 
and impression-evaluation questionnaires using the 
sensitivity-emphasizing SD method were used to 
evaluate fatigue state and mood state before and 

after the experiment. From these results, the follow-
ing conclusions can be drawn.  
(1) According to the results for correct-answer rate 

and measured cerebral blood flow, activation of 
brain activity may affect correct-answer rate. 
Among the three types of booth tested in this ex-
periment, the triangular booth was found to be 
superior in terms of correct-answer rate.  

(2) The results on task response rate and measured 
cerebral blood flow indicate that activation of 
brain activity may improve task response rate be-
cause response rate was improved as brain ac-
tivity intensified.  

(3) According to the results of questionnaires on 
fatigue state and mood state of the subjects, the 
amount of change in the mood state before and 
after the experiment was small; accordingly, the 
mental load imposed by the shape of the booth 
space on the mood state is probably small. 

(4) According to the results of cerebral-blood-flow 
measurements and the impression-evaluation 
questionnaire, the triangular booth was ranked 
superior and a showed a significant influence in 
terms of the opinions “private,” “closed,” “narrow,” 
and “concentrated.” It is thus concluded that the 
intellectual activity of information processing can 
be improved by nurturing those opinions. 

 
8.  FUTURE PROSPECTS 
From now on, it is necessary to perform similar ex-

periments under different environments in addition to 
different shapes and dimensions of booths. Moreover, 
it is planned to verify these results in the field of 
“knowledge processing” and “knowledge creation” 
and to clarify what kind of physical-environment 
design will most support people’s intellectual activi-
ties.  
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INTRODUCTION 
The concept and design proposed in this paper deals 
with the difficulties that the future society will face. 
Even today, only a small number of people in indus-
trial countries choose to look after their elderly parents. 
Moreover, their number is expected to further decline 
in the coming years. Most people concentrate more 
on their professional success rather than on the 
wishes of their parents staying in their own homes. 
The obligation for the care of the elderly is being trans-
ferred to nursing facilities. This progress is further ag-
gravated by the growing number of childless couples 
due to demographic change.  
Since the healthcare systems in the EU are mostly 
financed by employees' social insurance contributions, 
the increasing share of retirees reduces the 
contribution to health care. The demographic change 
will be a significant challenge for the EU countries. 
Also, the supplies for the elderly population, who are 
highly susceptible to diseases, will result in an enor-
mous financial burden. Consequently, the number of 
dependent elderly will rise, and this will, in turn, in-
crease the demand for long-term care services and 
facilities1. 
The EU is trying to counter the problems of the demo-
graphic change with investments such as HORIZON 
2020. HORIZON 2020 is a framework program for re-
search and Innovation aiming to keep the elderly ac-
tive and independent for a more extended period2. As 
part of the HORIZON 2020, the “Responsive Engage-
ment of the Elderly promoting Activity and customized 
Healthcare” (REACH) project develops new technolo-
gies and services for a value-oriented and patient-
centered health system in the future3. To achieve this, 
special Active Assisted Living (AAL) technologies are 
of interest.  
 
 

ANALYSIS 
A deep understanding of general and context relevant 
problems was needed to develop a sophisticated con-
cept. For this purpose, great importance was attached 
to close cooperation with the stakeholders, especially 
with the end users and the caregivers. Early in the 
analysis process, it became clear that the bed is the 
ideal place to start effective interventions: patients 
spend most of their time in bed.  
 
Analysis of Diseases and problems for elderlies 
Patients cannot be generalized; "the" patient does not 
exist. People differ remarkably in age, social skills, 
level of education and especially in their health condi-
tions. But according to the stakeholders, the following 
are the main problems/diseases affecting REACH’s 
end users: Dementia, Decubitus, Incontinency, De-
pendency, Frailty, and Loss of Social Inclusion. These 
problems, and taking into account the hospital bed 
context, it was also prudent to analyse in detail the 
sleeping difficulties. A system that can adapt flexibly 
to a person and her/his changing state of health has 
therefore to be developed. 
 
Analysis of state-of-the-art sleeping environment 
The knowledge about the current sleep environment 
trends and the state-of-art of the research of this topic 
is needed to develop a new and innovative concept. 
As a central element in the patient’s hospitalization, 
the bed has an important and special position. A hos-
pital bed must overcome a variety of challenges; for 
example, it must be comfortable. The bed should pro-
vide a high lying comfort through adaptive dimensions 
according to the patient4, and the patient should be 
able to change into a sitting position as easily as pos-
sible.  
Also, the transfer of the bed-ridden patient in and out 
of bed is often a big challenge. Usually, the patient is 
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exist. People differ remarkably in age, social skills, 
level of education and especially in their health condi-
tions. But according to the stakeholders, the following 
are the main problems/diseases affecting REACH’s 
end users: Dementia, Decubitus, Incontinency, De-
pendency, Frailty, and Loss of Social Inclusion. These 
problems, and taking into account the hospital bed 
context, it was also prudent to analyse in detail the 
sleeping difficulties. A system that can adapt flexibly 
to a person and her/his changing state of health has 
therefore to be developed. 
 
Analysis of state-of-the-art sleeping environment 
The knowledge about the current sleep environment 
trends and the state-of-art of the research of this topic 
is needed to develop a new and innovative concept. 
As a central element in the patient’s hospitalization, 
the bed has an important and special position. A hos-
pital bed must overcome a variety of challenges; for 
example, it must be comfortable. The bed should pro-
vide a high lying comfort through adaptive dimensions 
according to the patient4, and the patient should be 
able to change into a sitting position as easily as pos-
sible.  
Also, the transfer of the bed-ridden patient in and out 
of bed is often a big challenge. Usually, the patient is 

supported in this progress by the bare hands of a 
caretaker. With time, this can also damage the health 
of the caretaker. A bed with adjustable bed height fa-
cilitates the transfer and allows the caregivers to raise 
the patients to a level where they can comfortably take 
care of them. Panasonic invented a new solution for 
the transfer problem where no help from a nurse is 
needed5. 
Patients in the Intensive Care Unit (ICU) have to per-
form the so-called "early mobility"6; the transfer of a 
patient from the lying position into sitting or vertical 
positions. The passive standing by a standing frame 
aims to improve respiratory function and cardiovas-
cular fitness, increase the levels of consciousness, 
functional independence and psychological well-
being and reduce the risk for delirium and the ad-
verse effects of immobility7. One example of a bed 
with which ICU patients can accomplish early mo-
bility is the Sara compilizer by Arjo Huntleigh6. 
Of significant concern, however, is the absence of 
novel technologies in and around the hospital beds on 
the market, despite the fact that there are some new 
concepts and ideas in research. Additionally, there is 
an increasing market for sleep monitoring devices for 
private consumers. The number of people suffering 
from sleep disorders, snoring, restless legs syndrome 
and sleep apnea are rising8. Devices like bed sheets 
with integrated sensing systems9 and a sleeping mask 
with integrated EEG10 should help to diagnose sleep 
disorders early, and to detect possible causes. The 
user usually has access to the results through their 
cell phone or tablet. Besides the sleeping habits, 
some devices can also detect vital signs like breathing 
and heart rate and the environment9. 
 
Modularity and platform strategy 
The concept of the bed should consider a feasible 
production of the bed for a large market. Nowadays, 
customization is essential to the success of a product. 
Therefore, modularity is used to achieve mass cus-
tomizations. Mass customization reduces the ex-
penses and at the same time maximizes on individual 
customization. Six basic types of modularity are pre-
sent in modular products: Mix Modularity, Bus Modu-
larity, Sectional Modularity, Component-Sharing Mod-
ularity, Component-Swapping Modularity and Cut-to-
fit Modularity11. To save on development costs, the 
Component-Sharing Modularity (through the same 
speed and angle sensors) was used in all training 
modules, and the Bus Modularity was used in the con-
cept.  
Also, the so-called platform strategy is interesting in 
this context since it allows savings, ease of manufac-
turing and provides structured modularity at more lev-
els with a high degree of standardization12.  
 
 

CONCEPT 
 
Bed-to-chair-transformation with verticalization 
function 
Most of the time in the hospital, the life of the patient 
revolves around the bed. Because of physical limita-
tions, patients can only carry out activities like sleep-
ing, eating and spending their leisure time in their bed.  
The latest hospital beds4 already have the function al-
lowing patients to occupy a sitting position. In this de-
sign, the bed can turn itself into a real chair, allowing 
the bed to support the patient and the nurse to carry 
out multiple tasks such as eating. An interview with 
the hospital facility management revealed that it 
would be useful if the bed could also be placed in a 
vertical position (see Fig.1). 
 

 
Fig.1. Bed as a normal bed, in its chair mode and the bed 
in vertical position. 
 
Bed as “docking station” 
As shown in Fig.2, modules (each with a specific task) 
have been developed for various functions. These 
modules can dock at different positions on the frame 
of the bed. Most conventional modules, however, 
would be able to dock themselves only at the front part 
of the bed. The transfer module, anti-decubitus mod-
ule and the butterfly-shoulder-press training module 
would be able to dock on the back. The monitor mod-
ule, the urine-/catheter cover module and hygiene 
module can dock at any position, even on the side of 
the bed. All the modules are symmetric and self-
guided with every designed module having a similar 
appearance. The aim of module design is to express 
unity among the several modules. 
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Fig.2. Bed as “docking station. 
 
The modules will be stored in a special module stor-
age room such that the modules can be used by dif-
ferent patients, and such a smart storage system pre-
vents wastage of the limited space in the hospital. The 
docking and undocking can be carried out manually 
by a nurse and informal caregiver or fully automati-
cally by the robot Pioneer LX13. Thanks to a special 
manipulator, the robot can dock at each module and 
pull/push the modules to the hospital bed. To dock, 
the robot has then to push the module back to the bed 
or another module.  
 

 
Fig.3. Smart storage system for the modules 
 
Different level of platform strategy 
As a basic first level requirement, the role of the plat-
form is to function as a hospital bed. In the second 
level, individualization is achieved by docking the 
modules. Nurses, patients, their guests or Pioneer LX 

can readily perform this task. For the expansion and 
changes after second level individualization, in the 
third level, professional staff are needed. Special sen-
sors are installed according to the specific needs of 
the patient. 
 
Tab.1. The three level of the platform strategy 

Level 1:  Bed = Platform 
Level 2:  Individualization by add-on Modules 
Level 3: Further Individualization by Plug-Ins as 

Sensors 
 

 
Fig.4. Examples for the three level of the platform strat-
egy 
 
DESIGN 
An essential factor in the design of hospital furniture, 
which, unfortunately, is often neglected by many man-
ufacturers is the hygiene. To make this process easier 
during the design of the bed and modules, special at-
tention was given to ensure the absence of holes and 
grooves. Moreover, large and easy to clean surfaces 
should predominate. Also, the integration of the elec-
tronics in the bed should be considered. Friction and 
moisture can damage the electronics. Therefore, all 
electronic devices and wires have to be covered or 
integrated into the structure of the furniture. Lastly, 
easy to clean materials should be used.  
Hospitalization is an annoying situation for every pa-
tient. To make them feel safer and more relaxed, the 
appearance of the surroundings is vital. Since the hy-
gienic guidelines strongly restrict the selection of the 
materials, the design is focused on shaping and col-
ouring. Friendly colours and curved shapes should be 
inviting to the patient. 
In emergency cases like a heart attack, the doctors 
have to quickly reach the back of the bed to start re-
suscitation measures. For this, the modules docking 
on the back (Transfer Module, Anti-Decubitus Module 
and the Butterfly-Shoulder-Press Training Module) 
and the modules which can dock on every position 
(Monitor Module, the Urine-/Catheter Cover Module 
and Hygiene Module) need an easily accessible 
emergency button. If this button is pressed, the corre-
sponding module is automatically undocked from the 
bed and medical personnel can manually push the 
module away.  
An Overview of the designed modules can be seen in 
Fig.5. In this paper, a few selected modules. 
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Fig.5. Overview of the developed modules. 
 
Basis Bed 
As a platform, the bed is the central element in this 
system (see Fig.6). By docking on the bed, the mod-
ules can extend its functions. The analysis of the 
state-of-art revealed that the bed should be able to 
take a sitting and a vertical position. When this is done 
electronically, the patient can readily control this pro-
cess by a control device. 
As already mentioned, patients spend most of the 
time in their beds during hospitalization. Often in hos-
pitals, the nurses transport the bedridden patients to 
and from the operating rooms and treatment rooms. 
Given the vast number of beds in a hospital, the 
nurses can easily lose the overview and may not know 
where a particular bed is. Beds having installed navi-
gation sensors can easily be located in the hospital 
and prevent lengthy searches of the beds. 
Additionally, a light barrier in combination with a pres-
sure sensor can detect if the patient has left the bed 
and send a signal to the nurse for intervention. For 
example, preventing accidents by a sleepwalker or 
letting a dementia diseased person to run away unno-
ticed. As soon as the patient leaves the bed at night 
time, the system automatically activates a LED light-
ing system integrated into the bed, therefore minimis-
ing the risk of falling. If required, the bed can be ex-
panded using a fall-prevention add-on module. 
The height of the bed can also be adjusted. On the 
one hand, this makes it possible for the nurses to work 
with the patients in a height which is pleasant for their 
back. On the other hand, the chair can be adapted to 
the low height of any wheelchair in its  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
chair mode, thus facilitating the transfer of the pa-
tients. The smaller distance to the floor also reduces  
the risk of injury to the patient in the event of a fall. 
The basic functions of the bed are the height adjust-
ment, and the transformation to a chair or to the verti-
cal position. The navigation sensors, the LEDs, the 
light barrier and the fall prevention are conceptualized 
as modular add-ons. 
 

 
Fig.6. Basis Bed  
 
Toilet Module 
In high age, simple everyday tasks such as using the 
toilet are challenging (Fig.6 depicts a module which 
aims to solve this problem). After getting up, before 
going to sleep and whenever the patient needs to visit 
the toilet during the day, the toilet module can be used. 
This module is highly beneficial to patients with urge 
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incontinence (a sudden urine loss) as a result of the 
uncontrollable contraction of bladder sphincter. This 
Syndrome occurs more frequently in high age. Often, 
many elderlies have problems - mainly if they are 
physically restricted - to reach the toilet in time. Also, 
Hard-to-open doors can become an insurmountable 
obstacle, and the patient has to suffer from a shameful 
experience.  
The toilet module is simply and quickly docked to the 
chair with the toilet seat located between the patient's 
legs. In this position, the elderly can easily slip to the 
toilet aided by the handles on both sides of the toilets. 
The round shape of the toilet helps the patients to get 
their legs more conveniently to the front, without being 
injured by the edges.  
After use, the nurse can, in a hygienic and convenient 
manner, take the stool and the urine from the urine 
collector for further appropriate urine diagnostic tests. 
In urine diagnostics, the physician checks the exact 
composition and contents of the urine and can thus 
draw conclusions about the presence of diseases 
such as diabetes (a standard method in hospitals). 
Nevertheless, some patients have problems filling a 
small cup with their urine. In the toilet module, this is 
done automatically during regular use without water 
contaminating the urine sample. On the toilet seat, 
four electrodes that can detect the electronic signals 
of the human body and calculate the resultant imped-
ance are attached. With the electrocardiogram (ECG), 
a wide range of statements on the characteristics and 
health of the heart can be made14. The sensors used 
in these modules should work unobtrusively. 
The technical innovations of Japanese toilets are also 
to be found in this toilet. The toilet seat provides 
highly-efficient automatic deodorization, automatic 
cleaning, a heated closet seat and drying with warm 
air15. For the toilet module, special attention was given 
to hygiene and a stable plastic material which is both 
resistant to moisture and easy to clean was used. 
 

 
Fig.7. Toilet Module  
 
Training Module 
Many problems of older patients like frailty and de-
pendency depend on the loss of muscle mass in 
advanced age. If this is not treated in time by targeted 

training, a vicious circle is created. The following ex-
ercises have been specially designed to train all es-
sential muscles to perform ADL. Fig.8 shows all train-
ing devices implemented as modules with their target 
muscles. 
 

 
Fig.8. Muscles required to perform AAL and the corre-
sponding training devices 16, 17, 18 
 
Monitor Module 
The Monitor Module is one of the few modules which 
can dock at all slots of the docking stations and on the 
other modules. This docking flexibility requires from 
this module that the angles and distance from the 
screen can be easily changed. As a result this and 
considering the financial point of view, a moveable 
monitor (see Fig.10) instead of a projector was con-
sidered. The monitor module can be used to upgrade 
the other modules with new functions (see Tab.2). 
 

 
Fig.10. Monitor Module 
 
In combination with the training modules, the Monitor 
Module guides the user through a virtual form to un-
dertake his/her exercises where the user gets real-
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Fig.10. Monitor Module 
 
In combination with the training modules, the Monitor 
Module guides the user through a virtual form to un-
dertake his/her exercises where the user gets real-

time measurements and feedbacks during training. 
Another interesting function is the Development 
Scale. The user can track how their health status im-
proved or worsened during their stay in the hospital. If 
interested, the patient can also compete against other 
patients in training competitions. Also, virtual reality is 
an interesting aspect that can make the training more 
fascinating. Through the competitions and access to 
an online patient community network, the elderly have 
the opportunity to meet and interact with other pa-
tients and socialise with them. Additionally, the moni-
tor module can be docked to the eating module. Since 
the remaining family and friends usually do not live 
near the hospital, there is the possibility to eat with 
them via telepresence. The screen is large enough 
that the patients have the impression of being in the 
presence of their family. The online patient community 
can also help the elderly if the patient has questions 
about his stay at the hospital. Together with the Gam-
ing Module, the Monitor allows playing the games on 
a bigger surface. 
 
Tab.2. Functions of the Monitor Module 

Counselling 
Service 

 Online patient community 
 

Entertainment 
Service 

 Cognitive games 
 Fine motoric games 

Rehabilitation 
Service 

 Virtual physical therapy 
 Rehabilitation games 
 Real-time measurements and 

feedbacks 
 Development scale 

Socializing  Eating video calls with family, 
friends 

 Online patient community  
 Facebook, Skype 

 
CONCLUSION 
Although demographic changes pose some chal-
lenges to the future society, it also provides a chance 
for projects like REACH to find a solution for prolong-
ing the duration of healthy life of the elderly by keep-
ing them active. One important aspect is the continu-
ous monitoring of the health condition of the patient. 
Therefore, the system can identify unusual patterns 
and predict probable acute events. Preventive solu-
tions will lead to an improved health condition in the 
long term, and it will also support the patient and the 
nursing staff in their daily chores. Since the elderly 
spend most of their time in bed during their stay at a 
care facility, a system which could be integrated into 
the hospital bed was required. From the findings of 
the research, the concept of a modular system which 
allows modules with different functions to be inte-
grated with the hospital bed was developed. The sys-
tem can adapt, and changes can be personalized ac-
cording to the health level and individual situation of 

the patient. The different modules cover a broad spec-
trum of problems faced by the elderly, for example, 
incontinence, decubitus, sleeping problems, social in-
clusion etc.  
The motivation of a patient to undertake physical ac-
tivity is a central disturbing factor for the success of 
the treatments. Daily, the user has to be motivated to 
use the training equipment. A few elements in this pro-
ject have been developed for improved motivation, 
but the intended user should have a positive attitude 
towards sport. The elderly should also be open to new 
technologies. Special tests to evaluate the patient’s 
motivation and trust level concerning the developed 
solution are highly recommended. 
In addition, demographic changes in the future should 
be critically taken into account. Due to such changes, 
massive pension reductions could be expected in 
Germany. Presently, poverty among retirees in Ger-
many is of great concern and this phenomena is ex-
pected to worsen. Therefore, it is necessary to reduce 
production and maintenance costs as much as possi-
ble so that the elderly can afford the products in future. 
Further criteria should be explored to develop the 
business model, for example, bed sharing strategies 
could be a viable method. 
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Eating and drinking are two of the most basic human needs. As a result, daily nourishment is one of the strongest driving 
fields of human behavior. Due to increased life expectancy, the number of dementia sufferers all over the world is also 
increasing. Among other aspects, this disease is associated with the inability to accomplish everyday tasks. Dementia 
sufferers also lose the normal urge to take in nourishment over time. The patients can no longer assess the importance 
of adequate nutrition and fluids, nor understand the dangers related to malnutrition. In addition to the physical meaning of 
eating and drinking, food can also influence feelings, evoke memories, stimulate contacts and relationships, and ultimate-
ly influence the well-being and quality of the patients’ life in a positive way. The aim of the project is to create an Ambient 
Assisted Living (AAL) concept for a kitchen that supports people who suffer from dementia. Although many ideas that 
have been implemented to support people with this condition, few holistic concepts fully meet the physical and mental 
demands of a dementia sufferer. This paper reports an approach to addressing the important issues mentioned above by 
utilizing advanced technologies, such as assistive technology and automation. Besides the advantages this kitchen sys-
tem has for people with dementia, it can benefit many other members of society. 
 
Keywords: Aging society, ambient assisted living (AAL), smart kitchen, cooking helper, Dementia 
 
INTRODUCTION 
Nutrition and its procurement are one of the most 
important drives of humankind. From birth to old age, 
eating and drinking are central aspects of our lives, 
but not only because food is essential to life. Food 
can also awaken memories and feelings, stimulate 
social contacts and relationships, and ultimately 
positively affect well-being and quality of life. Due to 
the generally higher life expectancy in developed 
countries, there is a great increase in age-related 
ailments or diseases, e.g. Parkinson or osteoarthri-
tis1. One of the most common diseases caused by 
old age is dementia, which has a huge impact on 
one’s cognitive skills2. It is critical to help the elderly 
stay independent and self-determined by meeting 
both their physical and psychological needs. Already 
today caretakers are underrepresented and the pub-
lic expenses for care are constantly increasing. To 
help lower costs and support the elderly as well as 
relieve caretakers and relatives, automated systems 
and new technologies must be implemented. The 
proposed MAK (Modular Adapting Kitchen) is a pro-
totype kitchen which should improve quality of life by 
giving support, guidance and security when needed 
in the meal preparation and cooking process. It 
adapts recipes to individual nutritional needs and 
gives stimulation by offering games and activities 
that train and maintain the mental and physical abili-
ties of the user.  
The paper is divided into 5 sections. First, the dis-
ease dementia and the arising problems of an aging 
society are explained, followed by the MAK concept, 
then the problems that arise for dementia patients 
using a kitchen and how the MAK system can help 
solve the problems. A more detailed explanation of 

the design will be given. The last section consists of 
the conclusion and discussion. 
 
DEMOGRAPHIC CHANGE 
The demographic change that is taking place in 
Germany and other industrialized countries is so 
serious that it is increasingly becoming the focus of 
public debate. At the same time, the number of peo-
ple suffering from dementia increases rapidly. The 
population pyramid is being upset, which means that 
as the number of older people peaks, there will be 
fewer and fewer young people in the future5. 
According to the 13th coordinated population 
projection, the number of people aged 80 or over will 
increase from 4.4 million in 2013 to a record high of 
almost 10 million in 20506. The reasons for this de-
velopment are the long-term decline in the birth rate 
and increasing life expectancy. While these have 
been limited in earlier centuries, especially by early 
causes of death including infant mortality and infec-
tious diseases, their current increase is due largely 
to a sinking mortality rate among the elderly. In the 
last forty years, life expectancy has increased on 
average by about 6 years. However, reaching the 
age of 80 does not only mean a gain in life, but also 
a higher risk of becoming dependent on care or suf-
fering from dementia. Altogether, around 1.6 million 
people, in Germany, some under the age of 65 years 
and older are currently affected by dementia. The 
number of new cases increases by about 20,000 
each year. If additional curative therapies are not 
found, the number of affected will raise to more than 
2.6 million by 20507. New concepts of care have to 
be found in order to relieve nursing staff and allow 
older people to live independently for a long time in 
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their own homes. As the WHO Europe report states: 
„Home-based solutions are advanced not only for 
health, social and emotional benefits but also be-
cause of the potential reduction in public expendi-
ture, as home care provision has been demonstrated 
to be more effective and efficient than institutional-
ized care5.”  

 
DEMENTIA 
The term dementia is a Latin word which means 
without mind and is used to describe the impairment 
of memory and other higher brain functions such as 
orientation, language and learning ability, which are 
so severe that the sufferers are no longer able to 
deal with everyday matters and thus require care 
and help3. Thus the term dementia refers to a whole 
group of clinical images in which these important 
brain functions gradually irretrievably get lost. In 
about two-thirds of all cases, Alzheimer's disease is 
the most common form. The probability of develop-
ing dementia increases steeply after the age of 65. 
More women than men are affected because of the 
higher life expectancy of the females. As more and 
more people reach greater ages the chances of 
developing dementia increases rapidly4. 
In general, three different stages can be distin-
guished. People with early-stage dementia often 
have problems with the completion of complicated 
tasks. They may have difficulties with spatial orienta-
tion, hence have to give up driving or, if still working, 
the job. In addition, passive behavior or depressive 
moods can occur. In the middle stage, an independ-
ent lifestyle with support is still possible. Affected 
people can perform simple activities, but sometimes 
they lose control over their feelings. Then, as the 
disease progresses, they can barely lead an inde-
pendent life. They can no longer speak, inner unrest 
drives them and often the day-night rhythm gets 
mixed. In severe dementia, control over appetite, 
thirst and other bodily functions are gradually lost. As 
a result, additional age-typical diseases develop in 
this third stage: malnutrition, muscle atrophy and 
lack of movement coordination can lead to falls that 
pose a high risk of fractures. The body's weakened 
defenses make severely demented patients more 
susceptible to infections, such as pneumonia, which 
can lead to death. Advanced dementia requires a 
high amount of care, which the relatives often can no 
longer provide. It is therefore by far the most im-
portant reason for admission to a nursing home. 
Each of the three stages last an average of three 
years. In Alzheimer's the disease can be much slow-
er or also faster3. 
 

CONCEPT 
The kitchen is, for many people, the most important 
room in the house. It's a place to meet, cook and talk 
to each other. The kitchen as the center of an apart-

ment or a house is a social space in which one 
spends many hours of his life.  
Dementia is still a “young disease” in medicine4. 
Only in the past few years have people begun to talk 
about the disease openly. Social understanding and 
acceptance have increased. Alternative care meth-
ods and support are now more and more in demand 
and sufferers openly seek help4. However, to this 
day there are still few manufacturers who specialize 
in kitchens made especially for people with demen-
tia. Individual security measures, such as automatic 
switch-off of the stove or kettle are very useful but do 
not represent a complete solution to the above-
mentioned overall problem. Part of the dementia 
disease is that patients often suffer from mood disor-
ders and depression. They feel alone and helpless. 
Without company, they lack purposeful activity to 
cook for themselves8. They lack employment and 
feel useless. Simple activities like cutting fruit and 
vegetables would help keep them physically fit and 
provide employment, which in turn creates satisfac-
tion. But they must be motivated and supported. 
Assisting, guiding and motivating people with de-
mentia in the cooking process is an important part of 
the MAK kitchen concept. Through board games, 
electronic photo albums and games that specifically 
train the brain and thus stimulate mental health, the 
MAK will provide employment and counter the feel-
ing of loneliness.  
 

 
Fig.1 Interface Worktop “Brain” 

 
In addition, the kitchen has a great importance for 
the food intake, which is vital. A good diet contributes 
significantly to health and thus to an increased quali-
ty of life. For these people, it is especially important 
that meals are not admitted and they get proper 
nutrition and that there is sufficient hydration8. Fur-
thermore, eating and drinking stimulate the senses. 
If dementia patients get food from their childhood, it 
may evoke memories and good feelings. Smell and 
taste can help stimulate and re-activate lost areas of 
the brain.  
Safety for the patients and their relatives is the most 
important goal. Living with dementia is possible in 
one's own home when the home is adapted accord-
ing to the needs9. Relatives are especially worried 
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In addition, the kitchen has a great importance for 
the food intake, which is vital. A good diet contributes 
significantly to health and thus to an increased quali-
ty of life. For these people, it is especially important 
that meals are not admitted and they get proper 
nutrition and that there is sufficient hydration8. Fur-
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that people suffering from dementia could flood the 
apartment, forget to turn off the oven or run away. 
Simple methods, such as the use of parental con-
trols, orientation aids and the dismantling of barriers 
could increase security.  
It must be ensured that the kitchen can be individual-
ly adapted to the needs of the individual patient. This 
must be done in order to guarantee that the user can 
move around safely and to their satisfaction, without 
restrictions and compromises. The course of the 
disease plays a major role in the planning of facili-
ties, too. The patient’s needs change steadily as the 
disease progresses. Although the patient was able to 
move independently in the kitchen at the beginning 
of the disease, operate the stove, orient themselves 
without problems and prepare meals, it may be nec-
essary to use support and guidance when cooking 
one year later. At the same time, the patients may 
incur additional physical restrictions. To address 
these issues and limitations, a modular adaptive 
concept has been developed, which, in conjunction 
with a facial recognition system, computerized and 
mechanical guidance, and additional training and 
entertainment services, can best support people with 
dementia, see Fig. 1. The concept not only assists 
dementia patients but also relieves relatives and 
external caregivers. In addition to the versatile em-
ployment and training offers, the system ensures that 
the person suffering from dementia cannot set fire to 
the kitchen or even the house and in emergencies 
such as loss of consciousness or panic attacks, the 
computer system raises an alarm, calling for emer-
gency help. 
 

  
Fig.2 Concept 
 
DESIGN 
The MAK project is about a holistic kitchen design 
that adapts itself to every kitchen layout and to per-
sonal wishes and needs, mentally and physically, 

through its modularity and the kitchen “Brain”. The 
“Brain” is the main module which consists of a Kinect 
sensor and a projector placed above the table, fac-
ing down (see Fig. 2) both connected to the main 
computer. The “Brain” supports the patients when 
cooking and reminds them of eating and drinking as 
well as giving a warning in case of someone forget-
ting to turn off the oven for example. These are the 
key points of the kitchen design. In addition, mental 
exercises and games are offered to keep people 
mentally fit. Furthermore, it is possible to evoke 
memories and feelings through digital photo albums. 
Diet is the foundation of health. To dementia pa-
tients, not only the physical but all the above men-
tioned mental states count. If these two health condi-
tions are present in a positive form, life can be de-
scribed as worth living. This work aims to create a 
higher quality of life through good design and mod-
ern technology. Likewise, it aims to realize the desire 
of many sufferers to be self-determined and to stay 
in their own home as they grow old.  
 

 
 
Fig.3 “Brain” module with projector/computer giving 
cooking instructions. 
 
Kitchen Modules  
The kitchen is modular. This means that it consists of 
various individually selected modules. This has the 
advantage that modules can be modified as needed 
and desired, i.e. they can be recombined, replaced 
or removed. The central module is the “Brain”. This 
is the most important module and the kitchen cannot 
work without it. Every other module can be pur-
chased and added as wished or needed. The con-
struction of the sliding mechanism does not affect 
the existing kitchen, so the MAK modules can be 



58

combined with an existing kitchen. This lowers ex-
penses as well as helping a person suffering from 
dementia to stay in a familiar environment while only 
having to adapt to few or very slow changes, as 
more modules can be added during the course of the 
disease when needed. For modular systems, it is 
important that a high degree of flexibility is achieved. 
As many modules as possible can be combined with 
each other, allowing a kitchen individually adapted to 
the needs and wishes of the user. The goal of the 
kitchen design is not to offer as many different mod-
ules as possible, but a high degree of possible com-
binations. A great number of different combinations 
should be able to create very individual kitchens. In 
order to meet this requirement of a few but highly 
combinable kitchen modules, three basic sizes of the 
body have been chosen in this system (height/ 
width/depth each in cm) 60x60x60, 40x60x30, and 
20x60x30. These can then be equipped as desired 
with drawers or doors or electrical appliances. The 
connection of the modules to each other is also pro-
vided so that e.g., a working height of 80cm, or even 
100cm for especially tall people, is achievable. How-
ever, if the kitchen is to be wheelchair accessible, 
the 20cm high module can serve as a retractable 
worktop or a 60cm high body can be used comforta-
bly as a worktable and storage space, see Fig.3. 

Accessibility  
The kitchen is modular and the 'sliding system' en-
sures both height-adjustability and accessibility. Spe-
cifically, this means that both wheelchair users and 
people who like to sit down while washing and cut-
ting fruit and vegetables can use the work surfaces 
to prepare food. Lowering the wall units with the 
push of a button also allows the user to easily oper-
ate the upper part of the kitchen. With pull-out draw-
ers, which are clearly visible from the side, it is also 
possible to easily reach the desired items or food 
while sitting down. 
 
Sliding System 
The movement of the modules is achieved by con-
necting them to a sliding electrical system based on 
the “Igus Drylin” technology10, chosen because of its 
low maintenance needs and the high resistance to 
dirt, water, and heat. The system is composed of an 
aluminum rail for each module, placed behind it and 
anchored to the wall, on which runs a metal bogie 
connected directly to the module itself, see Fig.4. 
The length of the bogie is determined according to 
the module which has to be mounted on it. An elec-
trical engine is placed at the end of the rail on the top 
and, through a toothed belt, makes the module 
move. A colored controller, matching the color of the 

Fig.4 Example for kitchen layout 
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handles and placed on the side of the module, can 
be used to raise or lower each different part of the 
kitchen separately. To achieve the mobility of the 
modules containing the appliances, electric wires, 
that are longer than the usual ones are being used, 
as well as flexible tubes and pipes that allow 
connecting the water system without compromising 
the movement. 
 
Support and Guidance system 
Forgetfulness and lack of orientation are key fea-
tures of dementia. In the beginning, people forget the 
next work step, misplace their keys or the telephone. 
Later, one cannot remember what the neighbors are 
called, or where their family doctor is or where the 
daughter lives. In order to respond to these orienta-
tion difficulties and forgetfulness, several aids have 
been integrated into the MAK kitchen concept. Sev-
eral systems have been implemented in the holistic 
concept to assist orientation and guide the users 
when cooking and finding their way through the 
kitchen. 
 

 
 
Fig.5 Kitchen Module structure 
 
The “Brain” 
The “Brain” is composed of a Kinect sensor and a 
projector placed above the table and facing down, 
both connected to the main computer. The Kinect is 
used to detect and track the movements of the us-
er’s hands, while the headlamp project the interface 
onto the surface of the table. The system includes 
specific games (like memory, chess, word games, 
etc.), designed specifically to help the patient de-
crease his memory loss and improve his logical abili-
ties. The projector is also used to help the person 
during the meal preparation through a step-by-step 
recipe guide displayed on the surface of the table. 

The database of recipes is designed to meet the 
patient’s nutritional needs, to provide him the best 
meal for his specific health condition. At the end of 
each step, in order to begin the next one, the user is 
asked to give to the computer a feedback by placing 
of the hand on a specific area on the counter. A spot-
light is used to highlight the compartment the person 
has to open in order to get what he needs. The bulb 
is placed on the ceiling, at the center of the kitchen, 
in a place where it can highlight every part of the 
kitchen without interference and is connected to the 
main computer. The autonomy of the system is 
achieved by updating a scheme of the kitchen com-
position in the computer memory, giving it the coor-
dinates to direct the spotlight. A voice assistant is 
also integrated to help the user through the whole 
process reminding him what to do. To avoid fears of 
contact and rejection, the Kinects are installed and 
hidden in book spines, lampshades or kitchen uten-
sils, see Fig. 5. This attempts to prevent many older 
people’s anxiety about technology. 
 

 
 
Fig.6 Highlighting drawers to show the user where to 
find the right kitchen utensil for preparation/cooking step 
when following the recipe. 
 
Symbols  
Adhesive sheet symbols such as plates, glasses, 
flour, etc., indicate what is hidden behind the respec-
tive drawers and cupboards. In the advanced course 
of the disease, dementia patients lose their spatial 
imagination. The self-evident fact that plates or pots 
can hide behind a closed drawer and that foodstuffs 
are behind a refrigerator door becomes more and 
more of a problem for the patients. At the same time, 
orientation is increasingly difficult. They forget at 
which places in the kitchen the respective things are 
stowed. Furthermore, it often happens that they look 
in the oven for knives or accidentally put a metallic 
spoon in the microwave, for example. In order to 
support the patient’s spatial capacity and to facilitate 
orientation, each module has a sticker on which the 
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symbol indicates the contents of the drawer or cabi-
net. This should, e.g., be a sticker with fork, knife or 
spoon symbols indicating a cutlery drawer. A salt and 
pepper shaker should lead towards a spice com-
partment. If dementia patients lack the imagination to 
guess what is hidden behind closed shelves and 
cupboards, the design of an open kitchen without 
drawers and doors is legitimate, at least as a basic 
idea. The problem here, however, is that some items, 
e.g. a dishwasher or refrigerator, cannot be designed 
without doors. Far more serious, however, is the fact 
that dementia patients need as much order as possi-
ble in their natural environment. Complex designs, 
intense colors or open cabinets quickly overstrain 
and cause a counterproductive effect. This might 
even lead to the person completely avoiding the 
space due to excessive demands. The social welfare 
VdK Germany e.V writes in its advice booklet for 
relatives of dementia patients that care must be tak-
en to ensure that the environment is as calm as 
possible and that patients with dementia need clean-
liness and simple spaces9. 
The symbols intended for the respective kitchen 
cabinets or drawers are deliberately kept simple but 
have a great effect. They can easily be replaced or 
re-glued. This makes it possible to respond quickly to 
minor changes in the kitchen without complex con-
struction measures. In this point, however, it is vital 
to ensure that as little change as possible takes 
place in the familiar environment of the dementia 
patient. The more familiar and longer items stay in 
the same place, the better the dementia-affected 
user will find his way around. 
 

 
Fig.7 Stickers 
 
Colors  
Colors are an important orientation aid in the kitchen 
concept as well as the symbols. Colors have a great 
influence on the well-being of the user and can have 
a stimulating effect. However, bright colors, strong 
patterns or textured floors can additionally confuse 
dementia sufferers9. In order to help the kitchen user 
with the orientation and to support him as well as to 
influence his well-being, a concrete color concept 
was developed. The basic modules and drawers in 
the kitchen are white. This color is neutral and pro-
vides little confusion or distraction. The worktop is 
made of wood, which is a pleasant shade of brown 
and a material that radiates warmth. The handles of 
the drawers are large and in color, clearly recogniza-
ble by their blue and green tone. They stand out from 
the rest of the kitchen and form a strong color con-
trast to the white kitchen fronts. This makes it easy to 

see where to pull to open the door or drawer. In addi-
tion, the colors of the handles help to quickly identify 
which drawers or doors belong to the upper cabinets 
and which to the lower cabinets. With the help of two 
switches, which are mounted on the worktop, the 
modules can be automatically moved up or down. 
The switch for the upper cabinets is green and the 
one for the lower cabinets blue so that the user intui-
tively connects these colors to the matching handles, 
sensing that the lower switch can be raised and 
lowered via the blue switch and the upper switch via 
the green switch. Green has a harmonizing effect 
and gently stimulates. Blue calms and relieves ten-
sion. The symbols explained in the previous para-
graph are orange. The color orange stimulates the 
appetite and promotes social behavior11. In addition, 
the wavelengths of the yellow and red which com-
pose orange stimulate the long-term memory9 and 
thus are perceived as very pleasant. The selected 
color concept, on the one hand soothing, and on the 
other hand stimulating, exerts encouraging effect on 
the user. Orange emits joie de vivre. This color also 
promotes social contacts, making it the ideal choice 
for shared spaces9. 
 
Optimal light 
Indirect and shadow-free room lighting (500 lux at 
eye level) prevents visual hallucinations which, es-
pecially at nightfall, considerably disturb some de-
mentia patients. These individuals often have prob-
lems with the day-night rhythm and thus lose their 
body's sense of time. Optimal illumination, therefore, 
serves as an external timer that normalizes the 
sleep-wake cycle, lightening and calming the mood. 
Warm pastel colors enhance the effect of good light-
ing. Reflecting and therefore dazzling surfaces con-
fuse especially at night and unnecessarily generate 
fears1. 
 
SAFETY SYSTEM 
The safety system embedded in the kitchen is es-
sentially based on two main elements: Kinect sen-
sors and connected locks/switches. The number of 
Kinect sensors used for a specific safety purpose 
varies depending on the shape of the room, but are 
always at least two. Placed at about the same height 
as a person’s face, one faces the entrance of the 
room and one is opposed to it, hidden, where possi-
ble, under the upper shelf of the kitchen. Their main 
function is to recognize, through the embedded face 
recognition software, who is entering or leaving the 
kitchen. These sensors are particularly appropriate 
for this application for two reasons: first, they work 
within a range from 0.5 to 8 meters, making them 
capable of covering the area of almost all private 
kitchens; second, they are equipped with a depth 
sensor which works with IR light, making them capa-
ble of recognizing faces even with the light turned 
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symbol indicates the contents of the drawer or cabi-
net. This should, e.g., be a sticker with fork, knife or 
spoon symbols indicating a cutlery drawer. A salt and 
pepper shaker should lead towards a spice com-
partment. If dementia patients lack the imagination to 
guess what is hidden behind closed shelves and 
cupboards, the design of an open kitchen without 
drawers and doors is legitimate, at least as a basic 
idea. The problem here, however, is that some items, 
e.g. a dishwasher or refrigerator, cannot be designed 
without doors. Far more serious, however, is the fact 
that dementia patients need as much order as possi-
ble in their natural environment. Complex designs, 
intense colors or open cabinets quickly overstrain 
and cause a counterproductive effect. This might 
even lead to the person completely avoiding the 
space due to excessive demands. The social welfare 
VdK Germany e.V writes in its advice booklet for 
relatives of dementia patients that care must be tak-
en to ensure that the environment is as calm as 
possible and that patients with dementia need clean-
liness and simple spaces9. 
The symbols intended for the respective kitchen 
cabinets or drawers are deliberately kept simple but 
have a great effect. They can easily be replaced or 
re-glued. This makes it possible to respond quickly to 
minor changes in the kitchen without complex con-
struction measures. In this point, however, it is vital 
to ensure that as little change as possible takes 
place in the familiar environment of the dementia 
patient. The more familiar and longer items stay in 
the same place, the better the dementia-affected 
user will find his way around. 
 

 
Fig.7 Stickers 
 
Colors  
Colors are an important orientation aid in the kitchen 
concept as well as the symbols. Colors have a great 
influence on the well-being of the user and can have 
a stimulating effect. However, bright colors, strong 
patterns or textured floors can additionally confuse 
dementia sufferers9. In order to help the kitchen user 
with the orientation and to support him as well as to 
influence his well-being, a concrete color concept 
was developed. The basic modules and drawers in 
the kitchen are white. This color is neutral and pro-
vides little confusion or distraction. The worktop is 
made of wood, which is a pleasant shade of brown 
and a material that radiates warmth. The handles of 
the drawers are large and in color, clearly recogniza-
ble by their blue and green tone. They stand out from 
the rest of the kitchen and form a strong color con-
trast to the white kitchen fronts. This makes it easy to 

see where to pull to open the door or drawer. In addi-
tion, the colors of the handles help to quickly identify 
which drawers or doors belong to the upper cabinets 
and which to the lower cabinets. With the help of two 
switches, which are mounted on the worktop, the 
modules can be automatically moved up or down. 
The switch for the upper cabinets is green and the 
one for the lower cabinets blue so that the user intui-
tively connects these colors to the matching handles, 
sensing that the lower switch can be raised and 
lowered via the blue switch and the upper switch via 
the green switch. Green has a harmonizing effect 
and gently stimulates. Blue calms and relieves ten-
sion. The symbols explained in the previous para-
graph are orange. The color orange stimulates the 
appetite and promotes social behavior11. In addition, 
the wavelengths of the yellow and red which com-
pose orange stimulate the long-term memory9 and 
thus are perceived as very pleasant. The selected 
color concept, on the one hand soothing, and on the 
other hand stimulating, exerts encouraging effect on 
the user. Orange emits joie de vivre. This color also 
promotes social contacts, making it the ideal choice 
for shared spaces9. 
 
Optimal light 
Indirect and shadow-free room lighting (500 lux at 
eye level) prevents visual hallucinations which, es-
pecially at nightfall, considerably disturb some de-
mentia patients. These individuals often have prob-
lems with the day-night rhythm and thus lose their 
body's sense of time. Optimal illumination, therefore, 
serves as an external timer that normalizes the 
sleep-wake cycle, lightening and calming the mood. 
Warm pastel colors enhance the effect of good light-
ing. Reflecting and therefore dazzling surfaces con-
fuse especially at night and unnecessarily generate 
fears1. 
 
SAFETY SYSTEM 
The safety system embedded in the kitchen is es-
sentially based on two main elements: Kinect sen-
sors and connected locks/switches. The number of 
Kinect sensors used for a specific safety purpose 
varies depending on the shape of the room, but are 
always at least two. Placed at about the same height 
as a person’s face, one faces the entrance of the 
room and one is opposed to it, hidden, where possi-
ble, under the upper shelf of the kitchen. Their main 
function is to recognize, through the embedded face 
recognition software, who is entering or leaving the 
kitchen. These sensors are particularly appropriate 
for this application for two reasons: first, they work 
within a range from 0.5 to 8 meters, making them 
capable of covering the area of almost all private 
kitchens; second, they are equipped with a depth 
sensor which works with IR light, making them capa-
ble of recognizing faces even with the light turned 

off12/13. The main purpose of the face recognition is 
to switch on/off the appliances (like the stove or the 
oven) which the person entering the room is or is not 
allowed to use and to lock/unlock all the drawers 
which may contain dangerous tools. For this pur-
pose, the appliances and the drawers are equipped 
with smart switches and locks connected to the main 
computer. The Kinect sensors are also used to track 
the person’s movement, giving feedback to the main 
computer which in time, will be able to learn how the 
patient usually acts, detecting potential strange be-
haviors and warning his family or the caretaker. In 
case the system fails to recognize the person, or in 
case the person in the room is not in the database of 
the computer, there is the possibility to unlock the 
whole kitchen through a keypad which works as a 
backup for a possible malfunction of the Kinect sen-
sors. 

 
Fig.8 System 
 
MULTIPLE USER SYSTEMS 
A different configuration is used to face the problems 
of a community kitchen. The research conducted by 
Faion, F13. et al. and that done by Williamson, B. M. 
et al.12 have demonstrated that multiple Kinect 
scenarios can work to track an object, in this case a 
person, moving into a room. The number of sensors 
varies according to the room shape, but at least two 
are needed to cover the entire area. Since Kinects 
detect depth information by using an infrared pattern 
projected onto the scene, when multiple devices are 
active at the same time, these patterns overlap with 
each other and cause interference and performance 
degradation. To ameliorate this situation, the multiple 
Kinect configuration is coupled with interference 
algorithms, which can produce a better-tracked rep-
resentation as users move around. This system is 
implemented in the community kitchen, where more 
than one patient has to be considered. Once the 
system has recognized the user, it tracks him 

through the whole room to determine at which loca-
tion she/he is sitting and then provide her/him specif-
ic content designed for his/her needs, see Fig.6. In 
this scenario, bigger interactive tables are used 
which, placed in the center of the room, can provide 
both single player and social games. 
 

 
 
Fig.9 Interface multiple users 
 
BUSINESS STRATEGY 
The MAK is aimed at filling a bigger and bigger mar-
ket segment which is the ambient assisted furniture 
for an aging society. Since dementia is a rapidly 
developing disease, presenting different symptoms 
and characteristics with the worsening of the dis-
ease, a kitchen designed specifically for it should not 
be used for more then 5/6 years. For this purpose, 
along with the fact that not many people are willing 
to change the kitchen furniture if it is still working, a 
rental solution has been thought out. Starting from 
the basic modules, people can rent all the different 
pieces in order to create the best configuration for 
current needs. An advantage of this kind of option is 
the possibility to rearrange the whole kitchen, for 
example, if a person starts using a wheelchair, re-
turning the modules no longer needed and taking 
new ones in exchange. In conclusion, this purchase 
option creates a larger market, allowing even the 
people who cannot afford major expenses to change 
the kitchen and thus benefit from more ergonomic 
furniture based on their particular condition. 
 
CONCLUSION 
Although the possible effects of demographic change 
are controversial, it is expected that, in view of popu-
lation trends, care provisions for the elderly, and in 
particular for people with dementia, will play a central 
role in the future. An important aspect in this context 
is the contribution of medical and nursing services to 
an aging population, which must take place with 
falling human and material resources2. 
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The MAK project is a suggestion for how to design 
kitchens for dementia patients so that malnutrition 
and dangers, such as forgetting to turn off the stove, 
can be avoided while simultaneously strengthening 
and maintaining brain capacity as well as cognitive 
and physical abilities. The kitchen provides enter-
tainment and prevents loneliness. This, in turn, low-
ers the cost of care and increases self-reliance and 
satisfaction of people with cognitive disabilities 
and/or reduced mobility. Other user groups such as 
e.g. People with reduced mobility and people in 
wheelchairs can make use of this kitchen, people 
who would like to develop their cooking skills, people 
who like to train mental skills as well as people inter-
ested in new technologies. The kitchen design is still 
in its infancy and needs to be further developed 
through in-depth research and extensive testing. 
Above all, it is necessary to test if older people can 
deal with the computer system, the cooking instruc-
tions and the game function. In addition, it is also 
necessary to consider whether it is affordable for all 
user groups and whether kitchen modules can be 
rented. For this, a more detailed business plan must 
be created. In conclusion, the MAK Kitchen system 
offers a holistic and versatile concept for people with 
dementia, which can be integrated into private 
households as well as in nursing homes. This proto-
type does not yet exist in this form but will offer many 
benefits for those affected, their relatives and the 
nursing staff.  
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The MAK project is a suggestion for how to design 
kitchens for dementia patients so that malnutrition 
and dangers, such as forgetting to turn off the stove, 
can be avoided while simultaneously strengthening 
and maintaining brain capacity as well as cognitive 
and physical abilities. The kitchen provides enter-
tainment and prevents loneliness. This, in turn, low-
ers the cost of care and increases self-reliance and 
satisfaction of people with cognitive disabilities 
and/or reduced mobility. Other user groups such as 
e.g. People with reduced mobility and people in 
wheelchairs can make use of this kitchen, people 
who would like to develop their cooking skills, people 
who like to train mental skills as well as people inter-
ested in new technologies. The kitchen design is still 
in its infancy and needs to be further developed 
through in-depth research and extensive testing. 
Above all, it is necessary to test if older people can 
deal with the computer system, the cooking instruc-
tions and the game function. In addition, it is also 
necessary to consider whether it is affordable for all 
user groups and whether kitchen modules can be 
rented. For this, a more detailed business plan must 
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Abstract: To develop studies on ensuring the ecological safety of life support of urbanized territories, the authors 
suggested the method of forecasting the ecological and demographic situation in the region. The method is based on a 
regression multivariate linear model that reflects the interaction of external and internal directions in activities of a 
biosphere-compatible city. The selection of factors, which presumably have a significant effect on a person, makes this 
work different from other studies that used the known approaches to construct similar regression models. Contamination 
of the atmosphere and reservoirs by stationary sources, volumes of gardening and the amount of vehicles on the territory 
were considered as explanatory factors. To take into account the last integrative factor is the most informative, since it 
characterizes not only the environment pollution by emissions, but also harmful effects from noise, traffic accidents, traffic 
jams, etc. The model helped to determine correlation-regression dependencies between the population of the Orel region 
and the levels of explanatory factors. 
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Introduction 
The demographic situation in Russia is 

characterized by a long decline in the total population 
(148.3 million in 1990 and 146.4 million in 2017)1. In the 
Orel region, the tendencies in demographic processes 
are generally identical with those in Russia2. The 
analysis of statistical data shows that the positive trend 

of population growth in the Orel region, observed since 
the beginning of the 1990s, has changed to a negative 
one since 1995. Table 1 gives data on the population of 
the region3 during the period from 1992 to 2016, 
indicating the growth (decrease). Figure 1 shows the 
correlation field from the data in Table 1. 

 
Table 1 – Natural growth (people) 
of the population in the Orel region 
 

N Year Population 
size y 

Growth 
y 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 – The population correlation field 
and a graph of its trend 

 

1 1992 899207 951 
2 1993 903489 4282 
3 1994 907552 4063 
4 1995 909379 1827 
5 1996 905510 -3869 
6 1997 900489 -5021 
7 1998 895703 -4786 
8 1999 891035 -4668 
9 2000 884269 -6766 
10 2001 876672 -7597 
11 2002 867553 -16410 
12 2003 858312 -1950 
13 2004 850016 -8296 
14 2005 842351 -7665 
15 2006 833783 -8568 
16 2007 826588 -7195 
17 2008 821934 -4654 
18 2009 816895 -5039 
19 2010 791384 -25511 
20 2011 785592 -5793 
21 2012 781281 -4311 
22 2013 775826 -5455 
23 2014 769980 -5846 
24 2015 765231 -4749 
25 2016 759721 -5510 

y = 17,716x3 - 846,29x2 + 4500,1x + 899292
R² = 0,9945
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The visual analysis of the time line graph 
“Population size” shows a smooth and stable change in 
population level in time, which allows us to conclude that 
there is a trend for this indicator. The same figure shows 
the trend line of the time line “Population size”, which was 
obtained by the PPP Excel. The third-degree polynomial 
was chosen as the approximating function 

3 217,716 846,29 4500,1 899292,y x x x         
  (1) 

where y is the population size, x is the year 
period number if 1992 is considered the first (х = 1), with 
х varying from 1 to 25. 

The obtained value of the coefficient of 

determination 2 0,9945R  indicates that the change 
in the population of the Orel region during the time 
interval under study is described almost exactly by a 
cubic parabola (1). Note that the trend is an integral 
characteristic of the population dynamics process and, 
therefore, its description should be supplemented by the 
correlation-regression analysis. For this, it is necessary 
to establish a connection between the explained variable 
“Population size” and a number of explanatory variables 

1 2, , ..., mz z z
 as a function of multiple regression 

1 2( ) ( , , ..., ),my x f z z z                         (2) 

which shows what the average value of the variable y will 
be if the variables take on specific values. 
 

1. Selection of the system of indicators 
Let’s choose a number of factors, presumably 

having a significant impact on the person and, 
consequently, on the population, and then using the 
multifactorial nonlinear analysis, we will obtain 
regression dependencies between the explained 
variable “Population size” y and the explanatory factor z. 

The safety of human life in urban environments 
depends to a large extent on the ecological state of the 
environment. Resolution IV of the All-Russian Congress 
on Environmental Protection (2-4.12.2013) notes that 
during the years after the Third Congress (2003) “the 
growth rates of volumes and discharges of pollutants 
lagged behind the growth rates of gross domestic 
product, but together with the levels of negative impacts 
remain high.” 

Statistical studies 4-8 show that there is a fairly 
strong correlation between levels of environmental 
pollution and demographic indicators, in particular, the 
size of the population. 

A significant contribution of environmental 
pollution factors (50-70%) to the deterioration of public 
health is explained, in particular, by the unhealthy way of 
life, when a person is forced to breathe polluted air, to 
consume contaminated food, and to drink contaminated 
water9. 

In the domestic scientific literature there is a 

number of papers, which prove that in Russia “pollution 
of the environment becomes a limiting factor of the state 
of health, regardless of the standard of living and income 
of the population”9. The main supplier of environmental 
pollution is the motor transport system of an urbanized 
territory (region)10-11. For large cities, 70-80% of 
ingredient emissions are motor transport, for megacities 
and their agglomerations – 90%12. In the Orel region, the 
share of emissions from motor vehicles over the last 16 
years (2001-2016) averaged 42.4%. But even in those 
cases when the mass of emissions of stationary 
industrial-energy objects exceeds the mass of road 
transport emissions, the negative impact of the latter on 
the population and nature is higher due to the low level 
of their evolving from sources13. 

The works of V.N. Lukashin, Yu. V. Trofimenko, 
V.V. Donchenko, E.S. Kuznetsov, V.A. Korchagin, Yu.N. 
Rizaeva, V.I. Sarbaev, O.A. Ivashchuk, E.A. Sofronov, 
N.V. Bakaeva, I.V. Shishkina, D.V. Matyushin and others 
show the power of the negative impact of motor transport 
infrastructure on the nature and the population health.  

Based on the analysis of the socio-ecological 
and economic situation in the Orel region, we take the 
following man-made and environmental factors as 
explanatory ones: z1 is the total number of vehicles 
(trucks and cars, buses, special vehicles) operating in 
the Orel region; z2 is the volume of emissions of 
stationary sources; z3 is the area of forest lands; z4 is 
discharge of contaminated water. The number of 
selected factors m = 4 satisfies the requirement of the 
model reliability and the requirement for constructing 
statistical estimates on its basis 

,
3
nm   

where n is the number of levels of the time series (n = 
15). 

The selection of the factor “The quantity of 
vehicles” is justified by the fact that it characterizes the 
combined effect of pollutants and various physical fields 
– pollutions: acoustic, infrasonic, thermal, vibration, etc., 
which are initiated by operating vehicles and objects of 
the motor transport system14. The presence of long-term 
dynamic lines in the base of official statistics of the Orel 
region gives an opportunity to investigate the effects of 
selected factors on the demographic situation of an 
urbanized territory. 

 
2. Analysis of the matrix of coefficients of 

pair correlation 
To determine the most significant factors from 

those, which were selected to construct the model, we 
carry out a correlation analysis. Table 2 shows the values 
of the coefficients of pair correlation obtained by means 
of the PPP Excel. 
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The visual analysis of the time line graph 
“Population size” shows a smooth and stable change in 
population level in time, which allows us to conclude that 
there is a trend for this indicator. The same figure shows 
the trend line of the time line “Population size”, which was 
obtained by the PPP Excel. The third-degree polynomial 
was chosen as the approximating function 

3 217,716 846,29 4500,1 899292,y x x x         
  (1) 

where y is the population size, x is the year 
period number if 1992 is considered the first (х = 1), with 
х varying from 1 to 25. 

The obtained value of the coefficient of 

determination 2 0,9945R  indicates that the change 
in the population of the Orel region during the time 
interval under study is described almost exactly by a 
cubic parabola (1). Note that the trend is an integral 
characteristic of the population dynamics process and, 
therefore, its description should be supplemented by the 
correlation-regression analysis. For this, it is necessary 
to establish a connection between the explained variable 
“Population size” and a number of explanatory variables 

1 2, , ..., mz z z
 as a function of multiple regression 

1 2( ) ( , , ..., ),my x f z z z                         (2) 

which shows what the average value of the variable y will 
be if the variables take on specific values. 
 

1. Selection of the system of indicators 
Let’s choose a number of factors, presumably 

having a significant impact on the person and, 
consequently, on the population, and then using the 
multifactorial nonlinear analysis, we will obtain 
regression dependencies between the explained 
variable “Population size” y and the explanatory factor z. 

The safety of human life in urban environments 
depends to a large extent on the ecological state of the 
environment. Resolution IV of the All-Russian Congress 
on Environmental Protection (2-4.12.2013) notes that 
during the years after the Third Congress (2003) “the 
growth rates of volumes and discharges of pollutants 
lagged behind the growth rates of gross domestic 
product, but together with the levels of negative impacts 
remain high.” 

Statistical studies 4-8 show that there is a fairly 
strong correlation between levels of environmental 
pollution and demographic indicators, in particular, the 
size of the population. 

A significant contribution of environmental 
pollution factors (50-70%) to the deterioration of public 
health is explained, in particular, by the unhealthy way of 
life, when a person is forced to breathe polluted air, to 
consume contaminated food, and to drink contaminated 
water9. 

In the domestic scientific literature there is a 

number of papers, which prove that in Russia “pollution 
of the environment becomes a limiting factor of the state 
of health, regardless of the standard of living and income 
of the population”9. The main supplier of environmental 
pollution is the motor transport system of an urbanized 
territory (region)10-11. For large cities, 70-80% of 
ingredient emissions are motor transport, for megacities 
and their agglomerations – 90%12. In the Orel region, the 
share of emissions from motor vehicles over the last 16 
years (2001-2016) averaged 42.4%. But even in those 
cases when the mass of emissions of stationary 
industrial-energy objects exceeds the mass of road 
transport emissions, the negative impact of the latter on 
the population and nature is higher due to the low level 
of their evolving from sources13. 

The works of V.N. Lukashin, Yu. V. Trofimenko, 
V.V. Donchenko, E.S. Kuznetsov, V.A. Korchagin, Yu.N. 
Rizaeva, V.I. Sarbaev, O.A. Ivashchuk, E.A. Sofronov, 
N.V. Bakaeva, I.V. Shishkina, D.V. Matyushin and others 
show the power of the negative impact of motor transport 
infrastructure on the nature and the population health.  

Based on the analysis of the socio-ecological 
and economic situation in the Orel region, we take the 
following man-made and environmental factors as 
explanatory ones: z1 is the total number of vehicles 
(trucks and cars, buses, special vehicles) operating in 
the Orel region; z2 is the volume of emissions of 
stationary sources; z3 is the area of forest lands; z4 is 
discharge of contaminated water. The number of 
selected factors m = 4 satisfies the requirement of the 
model reliability and the requirement for constructing 
statistical estimates on its basis 

,
3
nm   

where n is the number of levels of the time series (n = 
15). 

The selection of the factor “The quantity of 
vehicles” is justified by the fact that it characterizes the 
combined effect of pollutants and various physical fields 
– pollutions: acoustic, infrasonic, thermal, vibration, etc., 
which are initiated by operating vehicles and objects of 
the motor transport system14. The presence of long-term 
dynamic lines in the base of official statistics of the Orel 
region gives an opportunity to investigate the effects of 
selected factors on the demographic situation of an 
urbanized territory. 

 
2. Analysis of the matrix of coefficients of 

pair correlation 
To determine the most significant factors from 

those, which were selected to construct the model, we 
carry out a correlation analysis. Table 2 shows the values 
of the coefficients of pair correlation obtained by means 
of the PPP Excel. 

 

 

 

Table 2 – Correlation table 

 Population size 

y 

Number of 

vehicles 

z1 

The volume of 

emissions of 

stationary sources 

z2, thousand tons 

Forest area 

z3, thousand 

hectares 

 

Discharge of 

contaminated water 

z4, million m3 

y 1     

z1 -0.93135 1    

z2 -0.43464 0.28672 1   

z3 0.75469 -0.66485 -0.42972 1  

z4 0.92161 -0.82904 -0.48701 0.8536 1 

 

The regression model includes those factors 
whose relationship with the dependent variable is the 

strongest ( 0,7, 1 4).
iyzr i    

The analysis of the matrix of pair correlation 
coefficients from Table 2 shows that the strongest 
connection with the resultant factor y are factors z1 

(motor transport) – 
1

0,93135yzr   and z4 (water 

pollution) – 
4

0,92161.yzr   But these factors 

strongly correlate with each other. In order to prevent the 
collinearity of the explanatory factors, one of the two 
linearly related factors should be excluded from the 
model. 

Preference is given to the factor, which, if 
closely related to the result, has the closest connection 
with other factors. Therefore, we leave in the model the 
factor z1, as well as the factor z3 (forest), which has a 
high connection with the resultant factor 

3
( 0,7547)yzy r  and a low connection with another 

model factor
1 31 ( 0,66485).z zz r    As a result, the 

linear regression model takes the form   

1 2 1 3 3ˆ ,y a a z a z    (3) 

here, instead of the true values of the parameters, their 

estimates are substituted: 
ŷ  is an estimate of the values of y, 

 1 2 3
Ta a a a is a vector of parameter estimates. 

 
3. Estimation of model parameters 
The estimation of parameters 1 2 3, ,a a a of 

two-factor regression – the coefficients of equation (3) is 
carried out by the method of least squares, using the 
data given in Table 3. Direct calculation of vector 

estimates  1 2 3
Ta a a a  of regression parameters, 

produced by the formula 
1( ) ,T Ta z z Z Y                                   (4) 

where Z is a matrix of dimension 153, containing vector 
columns of variables in the indicated order (Table 3), and 
Y is a column vector of dimension 151 values of the 
factor being explained, gives the result 

1

2

3

69454473
0,453174 .

346594,74

a
a a

a

   
        

  
  

 

Table 3 – Statistical data of the explained y and explanatory factors 1 3,z z  

Year  Populat

ion size 

y 

0z  Number of 

vehicles, 1z  

Forest 

area 

z3, 

thousand 

hectares 

 

Thus, the regression equation (3) takes the form 

1 3ˆ 69454473 0,453174 346594,74 .y z z    (5) 

The calculated values ŷ are determined by 
successively substituting in this model the values of factors 

taken for each level of time lines 1z and 3.z Trend (5) is a 

regular component of the time line y. Verification of the 
adequacy of the trend model is carried out using a number 
of statistical criteria. 

 

 884269 1 135364 203,1 

2 876672 1 139768 203.08 

3 867553 1 146447 203.07 

4 858312 1 146213 203.06 

5 850016 1 154400 203.05 

6 842351 1 166696 203.09 

7 833783 1 179726 203 
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8 826588 1 178381 203 

9 821934 1 183117 203 

10 816895 1 178593 203 

11 812000 1 200443 203 

12 785592 1 221684 203 

13 781281 1 272437 203 

14 775826 1 294247 203 

15 769980 1 308200 203 

 
4. Statistical analysis of the regression 

equation and verification of its significance. 
Evaluation of the statistical quality of the model 

involves checking the statistical significance of each 
coefficient of the regression equation (5); checking the 
overall quality of the regression equation and checking 
the properties of the data, the performance of which was 
assumed in estimating the equation. The data required 
for checking the statistical quality of the model is in Table 
4, obtained by the PPP Excel. 

Using the data in Table 4, we calculate the 

multiple correlation coefficient zy and the coefficient of 

determination 2R  
 

2

2
ˆ( )

1 0,9734;
( )

zy
y y

y y



  





 

2 2 0,9475.zyR    

Table 4 – Results of the regression analysis 

y 1z  3z  2( )y y  ŷ  2ˆ( )y y  
ˆ

100%
ˆ

y y
y


  2
1( )z z  2

3( )z z  

884269 135364 203.1 3511629081 877575 44809636 0.076 3404255716 0.0049 

876672 139768 203.08 2668962244 868648 64384576 0.924 2909739364 0.0025 

860262 146447 203.07 1242703504 862155 3583449 0.219 2233791169 0.0016 

858312 146213 203.06 1109023204 858795 233289 0.056 2255965009 0.0009 

850016 154400 203.05 625300036 851619 2569609 0.188 1545276100 0.0004 

842351 166696 203.09 300710281 859910 308318481 2.042 729756196 0.0036 

833783 179726 203 76965529 822812 120362841 1.333 195552256 0.0069 

826588 178321 203 2490084 823422 10023556 0.384 236821321 0.0009 

821934 183117 203 9461776 821275 434281 0.08 112211649 0.0009 

816895 178593 203 65853225 823326 41357761 0.781 228523689 0.0009 

791384 200443 203 5.56256E+11 813424 485761600 2.709 45333289 0.0009 

785591 221684 203 1553857561 803798 331494849 2.265 782544676 0.0009 

781281 272437 203 1912225441 780798 233289 0.062 6197940529 0.0009 

775826 294247 203 2419065856 770914 24127744 0.637 10107688369 0.0009 

769980 308200 203 3028300900 764591 29041321 0.705 13107960100 0.0009 

12375144 2905656 3045.45 5.74783E+11 12403062 1.467E+09 12.461 44093359432 0.028 

825009.6 193710,4 203.03 38318866667 826870,8 97800000 
 

2939557295 0.0019 

 

Let us estimate the statistical significance of the regression and correlation parameters using Student’s t-test. 

Calculating standard errors 
2am  и 

3am  

2 3

2 2

2 2
1 1 3 3

ˆ ˆ( ) / 2 ( ) / 2
1 0,051, 1 63484,

( ) ( )
a a

y y n y y n
m m

z z z z

   
     

 
 
 

 

where 15n  is the number of observations, we determine the actual values of Student’s t-test  
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Let us estimate the statistical significance of the regression and correlation parameters using Student’s t-test. 

Calculating standard errors 
2am  и 

3am  

2 3

2 2

2 2
1 1 3 3

ˆ ˆ( ) / 2 ( ) / 2
1 0,051, 1 63484,

( ) ( )
a a

y y n y y n
m m

z z z z

   
     

 
 
 

 

where 15n  is the number of observations, we determine the actual values of Student’s t-test  

2 3
2 3

32 0,453174 346594,748,886; 5,459.
0,051 63484a a

a a

aat t
m m


       

 

At the level of significance 0,05   and the 

number of degrees of freedom 15 2 13    , the 
value of the t-test is 2,16.t  Since the actual values of 
the criteria are larger in the modulus of the tabulated 

value, then both coefficients 2a and 3a are statistically 

significant. 
To test the significance of the correlation 

coefficient, we calculate the actual value of the Student’s 
t-test 

2
2 15,32 2,16.

1zy zy
zy

nt 



  


 

 

Since the value 
zy

t significantly exceeds the 

table value for a given significance level, the correlation 
coefficient is significantly different from zero, and the 
constructed model is reliable. Thus, it is confirmed that 
there is a close statistical relationship between variables 

y (the population), 1z  (the number of vehicles) and 3z  

(forest area). 
The deviation of the actual and calculated 

values of the effective factor ˆ( )y y  for each 
observation (year) represents an approximation error. A 
general idea of the quality of the model is given by the 
average approximation error – the average deviation of 
the calculated values from the actual ones 

 

15

1

ˆ1 100% 0,83%.i i

ii

y yA
n y


    

The permissible limit of values A is not more 
than 8-10%; thus, the quality of the model can be 
estimated as good. The sufficiently high quality of 
multiple linear regression (5) shows the coefficient of 

determination 2 0,9475,R   that determines the share 

of the variation (~ 95%) of the factor “Population size” 
due to the factors included in the model “Number of 

vehicles” 1z  and “Forest area” 3.z  

We check the significance of the regression 
equation on the basis of Fisher’s F-criterion 

2
. 2

/ 108,3,
(1 ) /( 1)

act
R kF

R n k
 

  
 

where 2k  is the number of factors included in the 
model. 

The table value of the F-criterion at the 
significance level of 0.05 and degrees of freedom 

1 2   and 2 1 12n k      is . 3,88.tabF 

Since . 108,3actF   is more than . 3,88,tabF  the 

regression equation (5) should be considered adequate. 
 
5. Point forecasting using the model (5) 
In order to use the constructed model for 

forecasting, we accept the assumption to retain the 
previously existing interrelations of variables in the 
forecasting period. To predict the dependent variable a 
few steps forward, it is necessary to know the predicted 

values of all the factors entering the model. Their 
estimates can be obtained on the basis of time 
extrapolation models. Figure 2 shows the results of trend 

constructing and trend forecasting for the time line 1.z  
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Figure 2 – Time line graph and trend line “Number of vehicles” 

 

 

The factor 3z is chosen as a constant, i.e. 

3 3(16) (17) 203.z z  For the timeline 1z , as the 

approximating one, we choose the quadratic function (it 
corresponds to the highest value of the determination 

coefficient 2 0,9543R  ) 

2
1 1070,3 5574,6 149836,z t t    

on which the forecast is fulfilled for two years ahead (2015, 2016) 

2
1(16) 1070,3 16 5574,6 16 149836 334638,z        

2
1(17) 1070,3 17 5574,6 17 149836 364384.z        

To obtain predictive estimates of variable ŷ
”Population size” by model (5), we substitute the 

predicted values of factors 1z and z3 in it. 

ˆ(16) 69454473 0,453174 334638 346594,74 203 752610,y         
ˆ(17) 69454473 0,453174 364384 346594,74 203 739130.y         

We note that the forecast for the trend y ”Population size” 

28229,1 892703, 0,987,y x R                                               (6) 

following 

(16) 8229,1 16 892703 761037,y       
(17) 8229,1 17 892703 752808.y       

 

The results of the predictive estimates are presented in the forecast table (Table 4). 

Table 4 – Forecast table 

N/N Year 2015 2016 

1 Forecast absolute value error % absolute value error % 

2 Trend  (6) 761037 0.55 752808 0,91 

3 Regression  (5) 752610 1.66 739130 2,71 

4 Statistics 765291 – 759721 – 

 

Thus, the constructed model makes it possible to reproduce the observed trends in the population of the 

y = 1070,3x2 - 5574,6x + 149836
R² = 0,9543
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region and make a short-term forecast of the expected 
trends in the change of all factors and their numerical 
values. 
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People with the absence of mobility undergo a list of physical and mental problems that have an impact on many organs 
of their body. The 3D Movement system slows the progressive decline of a patient’s functions, allowing the patient to 
take care himself. Considering the age and the physical condition of the patient, physical activity done consistently and 
intelligently could limit or even stop degeneration. Researchers have proved that muscular stem cells will decrease as 
time goes by, but through training the cells are continually regenerated, developing a real barrier against aging. The 
proposed system is designed to support the patient by making movement possible and preventing falls. Assuming the 
system will be used by people who can stand up on their own but it may be difficult, the machine allows the patient to 
regain autonomy in basic daily tasks (e.g., going to the bathroom, cooking, or walking around a living space). Through 
the integration of a machine with an appropriate guide and supportive “vest”, the patient will be able to independently 
move. Therefore, the physical and mental conditions of the patient will improve. The objective of the 3D Movement sys-
tem is to help people with reduced mobility of any age, by creating a system that could eliminate the use of a wheelchair 
inside of a confined space. The system will be developed in hospital rooms and particular types of houses, and further 
benefit a variety of members of society. 
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INTRODUCTION 
Physiologically speaking, people around the age of 
70 begin to suffer from the deterioration of the mus-
culoskeletal system, which reduces mobility. At that 
age, not only can one be self-sufficient, but also 
independent, clear headed, and active. However 
mobility can begin to be uncertain: balance is no 
longer the same and also the strength is lower. For 
an old person, the risk of falls is therefore always 
more concrete; it affects one in two people older than 
eighty years old. A less fluid step, a slowdown in a 
walk, a more uncertain gait or even just the fear of 
falling down makes the elderly not able to move, 
giving up motor activity, accelerates the process of 
muscle atrophy in old age. 
Mobility problems occur even at home and may also 
involve the most common movements, such as get-
ting up from an armchair or sitting down on the bed. 
Until recently, the fracture of a femur was one of the 
main causes of death of geriatric patients. The pa-
tient’s death was not due to the fracture itself, which 
from a surgical, orthopedic and rehabilitative point of 
view is considered a simple disease to cure. All the 
problems that arose were triggered by prolonged 
time in bed that alters the ability of the geriatric pa-
tient to balance. 
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Demographic change 
During the first half of the last century, as during the 
previous, the decrease in mortality, primarily due to 
the achievements in medicine, helped to save many 
lives, especially those of many children. 
The decrease in mortality contributed to population 
growth in all European countries, thus compensating 
the decrease in fertility and led to its rejuvenation. 
Now, however, the reduction in mortality, taking place 
in advanced ages, can contribute only moderately to 
the increase and it is a cause of ageing population. 
Between 1950 and 2000, the world population in-
creased by 140%, the over 65 group increased by 
221% (from 131 to 419 million) and the over 80 
group by 407%. Between 2000 and 2050, the esti-
mated increase might be about 47% for the total 
world population: 248% and 433% respectively for 
the over 65 and the over 80 groups.  
In Central Europe, the proportion of the population 
over 65 increased by one third between 1990 and 
2010, representing 19% of the total European popu-
lation, which is 96 million people. The over 80 group 
increased from 20 million in 2005 to 27 million in 
2015, an increase of 36%. 
Eurostat predicts that, by 2050, the population aged 
over 60 years old passing by 900 million of 2015, to 
2.4 billion in the world, which corresponds to 21%. 
For the first time in the history of mankind, this 
means that, with birth rates recorded to date, there 
will be more people over 65 than under 16. 
Considering the birth rate in the last five years, the 
countries of Eastern Europe recorded the most se-
vere population losses, while Germany overtook 
Japan as the country with the lowest birth rate in the 
world. In Italy and in Germany, the losses were dra-
matic: 2.3% and 2.7%, respectively. 
The decrease in mortality has greatly reduced the 
number of births required for the renewal of the gen-
erations1,2. 
 
Mobility 
Immobilization is a real risk factor for all ages, with 
catastrophic effects in old age, but even simple “dis-
use” involves a number of deleterious effects on the 
organism and acts as an accelerator of the ageing 
process. Muscle movement engages many biological 
mechanisms that interact, through chemical pro-
cesses, with all our organs and apparatuses. When 
we per-form a simple effort, the heart accelerates its 
own heartbeats, the blood runs faster, breathing be-
comes deeper and more frequent, blood pressure 
rises, some substances are consumed and others 
are produced. 
Among the substances used, fats that quietly rest in 
their deposits or circulate in veins and arteries (fat 
and cellulite) are very important. In young people, 
the damages that these materials can cause are 
modest, as fats are easily used as energetic mate-

rial in physical activity and building muscle. In elder-
ly subjects, fats are deposited on the walls of the 
blood vessels, especially in the arteries and the con-
sequence is atherosclerosis. 
Many studies support the hypothesis that doing aer-
obic exercise (low intensity) regularly protects 
against cardiovascular diseases, especially when 
combined with a proper diet. Among the more re-
cent experiments, there are those performed by a 
team of researchers at Boston University who have 
studied, for two years, a group of 27 monkeys (rhe-
sus monkey, very similar to humans), submitting 
them to daily physical activity (one hour of activity, 
comparable to the effort made by a person who per-
forms a low intensity physical activity) and, simulta-
neously, to a diet dangerous to their arteries. 
At the end of this long period, if compared to the 
average life of a monkey, the “athletic” monkeys 
showed a blood test, an electrocardiogram and a 
typical aspect of coronary particularly favorable. This 
demonstrated how aerobic exercise performed regu-
larly, had protected against atherosclerosis and 
against possible clinical complications. 
Even osteoporosis, the bone degeneration that often 
occurs in old age with fragility and risk of fractures, 
improves after physical activity. 
Nowadays, 15 million of Americans, most of them 
influenced by doctors, regularly go for a run: if we 
consider this figure, it is significant the reduction of 
cases of osteoporosis in the population, as the prac-
tice of these activities leads to an increase of bone 
mineral content and to a favorable remodeling of 
their internal structures. 
Since 1972, a group of researchers from Stanford 
and Harvard have studied 16,939 male students, 
aged between 35 and 74 years old and have fol-
lowed them for 16 years, registering the physical 
activity levels and putting them in relation with sur-
vival and mortality. 
It has been seen that, with a constant physical activi-
ty, there was an increase of longevity, with  
reduced risk of death (from 30% to 50%) and with a 
gain, compared to sedentary, of 2.33 years of life; 
this occurred at all ages. In fact, even for the higher 
age classes, the advantage was evident. 
In conclusion, physical activity should be part of 
everyday life at any age, if there are not pathologies 
ongoing. 
 
Falls 
The environment and its relationship with the elderly 
are grounds for a careful consideration to all those 
who are concerned with the health of the elderly, with 
particular attention to the assessment and prevention 
of falls. This attention is neglected or is completely 
absent in those environment that should be deposi-
tories of elderly care and promoters of disability pre-
vention as housing and healthcare facilities. 



72

A careful look at the environment in which the elderly 
lives and the identification of the causes in case of 
falls can provide useful information to achieve the 
most appropriate preventive interventions. 40% of 
falls concerned the elderly and causes severe inju-
ries in the soft tissue and fractures in 10% of cases. 
In addition to the physical injuries described above 
subsequent to an accidental event, the social conse-
quences are not less important: the impairment of 
the independence and the mobility, as well as the 
fear that it will experience a new fall, place the elder-
ly in the condition of being unable to live alone in his 
own home. 
The application of the system is also suitable for 
rooms of hospitals and nursing homes because they 
do not guarantee absolute protection against the 
recurrence of such events, since the repetition of 
falls in institution is higher than domestic one. 
 
METHOD 
Persona 
Vanda, a 76 years old lady of Treviso, due to diabe-
tes and subsequent gangrene underwent the ampu-
tation of his right leg. His life got complicated further 
when, because of the loss of balance as she walked 
with the aid of a walker, suffered a head wound, 
remaining on the ground for three hours until the 
arrival of her son Maurice. 
Vanda currently lives in an apartment with a caregiv-
er because of mobility problems that prevent her 
from living independently. Before the surgery, Vanda 
was able to live in complete autonomy managing 
independently herself and the house. 
She has always loved cooking but, due to the loss of 
motoric autonomy, she was obliged to give up. 
It is also very upsetting for the lady depend on an-
other person for functions such as going to the toilet 
or lie down on the bed. 
Research can create a system that can bring joy and 
autonomy to Mrs. Vanda, an intuitive and simple 
mechanism that can be adapted to existing homes. 
Our study started focusing on the single individual 
and his needs and then focus on techniques in-
volved. The system does not deal with the patient 
leading to him only benefits. 
Through the design of specific internal supplies, the 
patient will be able to move easily and to regain lost 
skills and autonomy. 
 
Target groups 
The categories of elderly with reduced mobility are 
the subject of study for 3D Movement system. One 
of the main symptom of getting old is the loss of 
mobility and therefore of independence, due to the 
loss of muscle strength, various physical and mental 
deficit and the incurring of several diseases that lead 
the elderly to move as little as possible. On the other 

hand the reduction of mobility is due to accidental 
events (accidents), diseases of various kinds, paral-
ysis or malformations that limits, if not eliminates, the 
ability of walking independently. 
The fields where it could be applied and the interest-
ed parties could be numerous, for example tempo-
rary infirmity subsequent to accidental events or 
deficit related to different diseases: 
- Ictus Post, because in some cases the person may 
be affected by complete or partial paralysis, by Atax-
ia (lack of coordination of voluntary movements). 
- Parkinson, the patients show a trend to falls espe-
cially in certain situations, like for example to sit 
down and get up from the chair, when they should 
reverse the direction of motion, in the presence of 
small barriers. 
- Alzheimer in some cases impairs the brain struc-
tures responsible for motion and balance. 
- demented patients with Apraxic walk, frequently in 
order to limit this behavior should use medications 
sedative which undermine, in turn, the movements. 
- Disease to the nervous system, bones, muscles 
and joints could affect the components for stability 
 
DESIGN CONCEPT 
The concept of the project (see Fig. 1) has the goal 
to improve and simplify the life of people with deficits 
to the lower part of the body.  Through the structures 
that can be repeat in several situations, the system 
allows the patient to walk within the identified space, 
getting totally rid of the use of the wheelchair, guar-
anteeing an almost total autonomy. 
The invalid person, with the use of a harness con-
nected to two horizontal axes, will then be able to 
move freely (see Fig. 3) in his house or room hospi-
tal. This therapy concept was based on a rich litera-
ture of animal studies that demonstrated treadmill-
based gait training with body- weight support could 
restore stable, reliable stepping patterns in felines 
and rodents 6,7. 
The system will also be integrated with detectors, 
which will be able to monitor in real time the condi-
tions of the patient, eventually even calling an emer-
gency system in case of possible complications, so 
that can provide to the patient more autonomy and 
safety. The system can be considered modular, as it 
is able to conform to the given space. The structure 
is based on the use of a three axis: x y z. 
As another positive point the possibility of moving 
the legs will help not just to stop the formation of 
bedsores, helps also the circulatory system. 
The elderly is also able to stand up (see Fig. 2) 
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Fig. 1. Concept of the system, view from the top 

 
Fig. 2. The figure shows how the person can get up, Fig. 
3. The person is able to move in all directions. 
 
Application 
The potential applications of the system are a key 
part of the research. 3D Movement able to adapt to 
many situations and contexts. The study reflects on 
two specific cases of common use: a hospital room 
and an apartment for single use. The rooms of the 
hospital (see Fig. 6), formed by external load-bearing 
walls, are perfectly integrated and the total living 
space is designed to optimize the patient’s move-
ment.The bathroom and the supplies’ arrangement 
are designed to create a comfortable and functional 
environment. 
A survey conducted in 2007 identified a number of 
important features to live and get old safely, among 
them, for example: the biological and psychological 
characteristics, the social support network, the offi-
cial services, the helpful services, the structure of the 
apartment and the neighborhood. 
Studies on the aging often refer to the ability to make 
his own home more functional and less dangerous, 
providing aids to facilitate the exercise of the tasks of 
everyday life. The idea behind this permits to the 
older person to live at home safely with the essential 
services and supplies. This is because the loss or 
the lack of a function or a skill involve the personality, 
the feelings, the motivations and the cultural and 
social experiences. 

“The geriatric rehabilitation has the dual aim to limit 
the impact of disabling conditions and to stimulate 
and enhance the capacities leftover, by encouraging 
and supporting the motivations and the needs trough 
the intervention on the individual and the environ-
ment.When 3D Movement was installed, there is a 
system that goes beyond the chance to move within 
your living space, the patient will be able to regain 
independence in everyday actions and regain confi-
dence in his means. Within the case studied was 
developed an apartment planning with attention to 
detail.The kitchen was placed in an accessible area 
next to the dining table, the bathroom is at the centre 
as used by the sleeping quarters and the living area 
(see Fig. 4). 
 

 
Fig. 4. View of the system inside the kitchen 

 
Fig. 5. Plan of the apartment 

 
Fig. 6. Plan of the hospital 
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Technical details 
The runners are the supports system that are built in 
the home or in hospital room. 
The runners support a perpendicular axle to them 
which is integrated to a machine capable to sustain a 
person.At either end of the axle there are two wheels 
incorporated in the runners that allows the move-
ment (Fig. 7- 8).The image shows how the patient is 
able to wash himself independently through the sim-
ple system designed. With the ais of the machine, 
the patient will sit on the structure, leaving his lash-
ing, and turn on the tap.The drawing shows how the 
system can be integrated to existing homes, manag-
ing to pass through the internal divisions. In this case 
the walls are reduced by 30 cm to the slab, remain-
ing attached on 3 sides. In the space between the 
end of the partition wall and the slab there are par-
ticular brushes capable to contain any odor and 
noise. The choice of this solution represents a major 
advantage for the simplicity and the efficiency of the 
system.  (Fig. 9).The details shows the lashing de-
veloped; it has been specifically designed to simplify 
the moment when the patient leaves the wheelchair 
and wear the lashing (Fig. 10).The lashing allows the 
patient to move freely carrying out all the functions. 
 

 
Fig. 7. Connection detail of runner 

 
Fig. 8. View from the top of The ZeroG intergreted to 
the system. 

 
Fig. 9. Integration of the system in the bathroom 

 
Fig.10. Vest support system 
 
Integration of existing technologies  
 
Balance training system “Zero G, Aretech” 
The ZeroG gait and balance training system has 
been under development since 2005 and is now 
commercially available through Aretech, LLC (Ash-
burn, Virginia, USA). The system, which can provide 
up to 400 lbs of static body-weight support and 200 
lbs of dynamic body weight support, rides along a 
track mounted to the ceiling. As the patient walks, a 
percentage of their body weight can be removed, 
which helps compensate for weakness, poor balance, 
and other impairments common to neurological inju-
ries. This allows patients to begin practicing a wide 
variety of therapeutic exercises in a safe manner. A 
small motor drives the trolley along the track so that 
as the patient walks, the system will automatically 
move with them. 
One of the key advantages of ZeroG is that, patients 
can practice walking overground, up and down steps, 
or perform sit-to-stand or other balance tasks. As 
mentioned previously, these activities of daily living 
are important since the patients will encounter such 
challenges every day in their normal lives. 
The performance of ZeroG has been evaluated us-
ing both benchtop testing and human trials. 
In the upper two traces, a subject walked approxi-
mately 25 ft in ZeroG at their self-selected speed, 
turned around, and returned to their starting position. 
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The ZeroG gait and balance training system has 
been under development since 2005 and is now 
commercially available through Aretech, LLC (Ash-
burn, Virginia, USA). The system, which can provide 
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track mounted to the ceiling. As the patient walks, a 
percentage of their body weight can be removed, 
which helps compensate for weakness, poor balance, 
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ries. This allows patients to begin practicing a wide 
variety of therapeutic exercises in a safe manner. A 
small motor drives the trolley along the track so that 
as the patient walks, the system will automatically 
move with them. 
One of the key advantages of ZeroG is that, patients 
can practice walking overground, up and down steps, 
or perform sit-to-stand or other balance tasks. As 
mentioned previously, these activities of daily living 
are important since the patients will encounter such 
challenges every day in their normal lives. 
The performance of ZeroG has been evaluated us-
ing both benchtop testing and human trials. 
In the upper two traces, a subject walked approxi-
mately 25 ft in ZeroG at their self-selected speed, 
turned around, and returned to their starting position. 

During the trial, the level of body-weight support was 
set to 50 lbs. 
The lower two traces show the unloading force dur-
ing a large change in vertical motion.  
Here the subject was asked to drop down to one 
knee from a standing position two consecutive times 
under 30 lbs of body-weight support. It can be seen 
that the error in force is minimal despite a change in 
vertical motion of approximately 16 in.  
The clinical benefits of using ZeroG to improve gait 
and balance have been evaluated in a variety of 
patient populations, notably in toddlers with cerebral 
palsy and individuals post stroke. For example, 
Prosser et al.  showed that toddlers trained for 6 
weeks using ZeroG experienced gains in gross mo-
tor function that exceeded the expected rate in four 
of the five participants.  
A pilot study by Ness looked at the influence of 
ZeroG training in three patients with lateropulsion 
after stroke. 
Lateropulsion, sometimes referred to “pusher syn-
drome,” is a gait pattern commonly exhibited by 
individuals following stroke whereby the patient 
tends to list toward the hemiparetic side. 
Each patient was trained for 30 min with ZeroG two 
times per week.There was also improvement in the 
3-min walk and total distance walk data when the 
overground (BWS) training was initiated. Additional 
clinical studies are currently underway evaluating the 
clinical benefits of using ZeroG to help improve walk-
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Fig. 11. Scheme and sensor of Lief measures 
 
BUSINESS PLAN 
The old people are the fastest growing group of con-
sumers in all the world. 
The report “Ageing in the City” shows that at least 
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exceeds 22% of the total population; the Japanese 
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This is a substantial figure; including as regards the 
field of restructuring, which could do a good busi-
ness whit the adaptation of the apartments to the 
needs of the elderly. 
By 2020, the purchasing power of people aged over 
60 years old will reach an estimated $15 billion. “In-
vestors who focus on issues related to the elderly 
will make attractive performances, especially inter-
cepting their lifestyle”, says Lorenzo Biasio, analyst 
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Fig. 12 Business model of 3D Movement after Canvas 
 
3D Movement is intended as an initial investment 
which is amortized over the years: it is capable to 
provide an almost total autonomy to the patient, it is 
not invasive and it allows the patient to remain at 
home. 
If we compare the cases in which the patient with 
reduced mobility require a caregiver or a hospitaliza-
tion in health facilities, we must consider the financial 
consequences of the old person and the family, since 
that assistance to these people is very expensive. 
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If we examine the psychological and the financial 
aspect, the system results more convenient. 
The system will be installed after a careful control of 
the circumstances and the reasons that could cause 
a fall. 
 
CONCLUSION 
Considering that the average age is increasing, 3D 
Movement will be a valuable help to improve the 
lifestyle of all those subjects who have physical limi-
tations, in this case, due to age. But not only, even 
the younger ones who suffer from partial immobiliza-
tion will be able to benefit from it. 
The positive effects will be seen in first hand by the 
user of 3D Movement, as he will be independent 
within his walls and psychologically will feel freer and 
his daily routines will weight less on other people. 
Families and closed ones can also live their days not 
worrying that the loved ones might be in danger 
when left alone in their own houses. 
Improving the health of he patient thanks to the pos-
sibility of daily movement is also very important and 
can speed up the process of healing, as you can be 
on your own while practicing without the need of 
someone looking after you. 
It is possible to say then that 3D Movement has no 
sides effect, and will just improve the lives and minds 
of all those people that up to today are obligated on 
a wheelchair or to lie in bed. 
As the world is progressing with all the advanced 
technology, 3D Movement could be seen as an artifi-
cial way of walking within a defined and close 
space.Elderly will not need to be hospitalized in clin-
ics, but instead, they will be able to spend their time 
in a loving environment such is home, guaranteeing 
also a positive effect on the real estate economy. As 
it is a prototype we hope that 3D Movement can 
progress, and could be applied even to other situa-
tions, for example, the possibility of using it in com-
mon spaces that are disposed to it, or utilized by 
multiples users. 
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Abstract: This paper deals with the issues of algae technology which can reduce waste stream and capture carbon dioxide 
in residential construction. The use of microalgae photobioreactors can solve multiple problems: production of third-gen-
eration biofuels, carbon dioxide recycling, wastewater disinfection, oxygen regeneration, and water purification from nutri-
ents. The developed framework would further advance the possibilities of sharing information among planners, architects, 
engineers, and construction managers for innovative closed-loop sustainable energy systems in residential construction. 
Herein, the authors present a multi-dimensional optimization problem by describing the mechanism of clustering in urban 
areas of movable cellular automata, in accordance with the laws of the formation of ecological niches in nature. Structurally, 
the authors propose to make the primary technological nodes from the translucent membrane. The construction form is 
optimized by the use of a genetic algorithm. 
. 
 
Keywords: Urban life support systems, residential construction, algae technology, comfortable living environment, math-
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INTRODUCTION 
 
One of the most significant problems of growing meg-
acities is the utilization of organic waste. Ac-cording to 
the published reports of the World Water Assessment 
Program (WWAP) [1], more than 1.2 billion people 
currently live in a constant deficit of fresh water, and 
about 2 billion suffer from it regularly. Continued ur-
banization exacerbates the situation, as urban resi-
dents are much more sensitive to water scarcity. In 
the next few decades, the urban population is ex-
pected to grow by 1.8 billion people (compared to 
2005) and will account for 60% of the world's popula-
tion. About 95% of this growth will be residents of de-
veloping countries, where the pace of construction of 
centralized treatment facilities cannot keep pace with 
the growth of urban populations.  
Existing systems of urban waste management are ori-
ented towards the use of extended sewage networks, 
which is associated with colossal water losses, as well 
as extensive areas of treatment facilities that deform 
natural landscapes. Taking into account the positive 
dynamics of the rate of high-rise construction in mod-
ern cities, the use of centralized water supply systems 
leads to excessive use of electricity for pumping 
equipment. In developed countries, 2-3% of all con-
sumed electricity is spent on the operation of treat-
ment facilities. Therefore, local wastewater treatment 
systems are the optimal solution for both remote cot-
tage settlements and skyscrapers. 

While the above mentioned negative factors are in-
herent to major metropolitan areas, this problem is 
most acute in developing countries due to  economic 
reasons, and there is often no way to centralize the 
collection and treatment of wastewater. We present 
an alternative approach to the organization of local 
treatment facilities integrated into dense urban devel-
opments. In [2], the concept of photo biological treat-
ment facilities is described. This study will be reflected 
by the successful experience of designing closed bio-
logical systems of ecological life-support, initially cre-
ated for long-term space missions in the last century. 
[3-5] For such systems, one of the leading problem 
was high energy consumption, which con-strained 
their implementation at space stations. However, in 
terrestrial conditions, the cultivation of microalgae in 
the wastewater treatment plants is at the expense of 
allowing third-generation bio-fuels to ensure their en-
ergy independence. 
The nitrogen and phosphorus compounds contained 
in wastewater are vital elements for the growth of mi-
croalgae. Soon, significant amounts of phosphorus 
fertilizers will be needed to meet the needs of the 
growing bioenergy sector of any economy. However, 
unlike nitrogen compounds synthesized from atmos-
pheric air, phosphorous compounds can only be ex-
tracted. At the same time, the depletion of planetary 
phosphorus stocks is one of the most severe threats 
to hu-man food security. According to various esti-
mates (references), its reserves may last for 30-80 
years. However, about half of the used phosphorus is 
currently irretrievably lost. These losses are mainly as 
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a result of soil erosion and leaching (20%), as well as 
inefficient processing of wastewater and biodegrada-
ble waste (30%) [6]. 
 
DEVELOPMENTS ON THE USE OF MICROALGAE FOR 
WASTEWATER TREATMENT FOR THE PURPOSE OF BIO-
FUEL PRODUCTION 
 
Available data in the open press confirm the ad-visa-
bility of using microalgae for sewage treatment and for 
the production of third-generation biofuels, which 
makes it possible to produce more energy than sys-
tems operating in excess active sludge. In the opinion 
of many researchers, the cultivation of microalgae is 
one of the most promising directions for the creation 
of self-sufficient biospheric compatible cities. At the 
moment, several projects are using similar technolo-
gies. 
The Spanish company Aqualia, which is the world's 
third-largest water company, is implementing the All-
Gas project, which plans to grow algae in sewage 
treatment plants to produce diesel fuel for public 
transport. The project worth $ 15.7 mil-lion, and occu-
pying 10.5 hectares of land, is al-ready planned to be 
put into production capacity in 2015. At least another 
300 small towns in Spain are considering the possibil-
ity of building such structures [7]. 
The first in the world prototype of an apartment build-
ing, which, according to the developers, covers 50% 
of its energy consumption due to algae grown directly 
on the facade of the building itself, is the BIQ House 
project presented at the Hamburg International Build-
ing Exhibition in 2013. This project is a joint develop-
ment of two international design groups: the German 
consulting company Strategic Science Consultants 
(SSC) and the Austrian architectural firm (Splitterwerk 
Architects). From the sunny side of the building fa-
cade, reactors with microalgae are installed to provide 
power plants with biomass. They also allow the use of 
excess solar energy in the heating system. Besides, 
in the hot season, transparent algae panels protect 
the interior from exces-sive heating [8]. 
The French architectural bureau (X-TU) with the sup-
port of the CNRS laboratory "Gepea" from the Univer-
sity of Nantes launched the project "Sym-bio2". The 
first stage of their experiment saw the installation of 
photobioreactors on the facade of the building in 
Saint-Nazaire. Then, based on the results of the stud-
ies, there are plans to install the reactors at the incin-
erator in Alcéade Nantes. It is foreseeable that the 
heat and carbon dioxide re-leased during the incinera-
tion of garbage will pro-vide optimal conditions for the 
cultivation of microalgae [9]. 
Photobioreactors, in essence, play the role of solar 
panels that convert solar radiation into energy. How-
ever, in the manufacture of structures of glass and 
steel, installation of photobioreactors is more expen-
sive than photovoltaic cells. A significant reduction in 

the price of photobioreactors is achievable through 
the use of inexpensive light-permeable films, as im-
plemented in the OMEGA project (from Offshore 
Membrane Enclosure for Growing Algae), developed 
at the Ames Research Center (Moffed Field, Califor-
nia, USA), with the participation of NASA. This tech-
nology provides for the cultivation of freshwater algae 
in photo-bioreactors, which are transparent flexible 
plastic tubes floating on the sea shelf. In the process 
of growth, the algae purify the effluent, thereby re-
leasing oxygen, and the excess biomass is taken and 
processed into biofuel. Currently, testing of these pho-
tobioreactors and development of as-sociated tech-
nologies, in particular, the joint cul-tivation of algae 
and growth of mussels happens in San Francisco. For 
the creation of the OMEGA project, the authors were 
inspired by closed life-support systems for long space 
flights, using a unique experience of an invention of 
which the developers seek to reduce the potential 
technical risks in the construction of large-scale struc-
tures on the Earth [10]. 
Within the framework of the Milan Design Week 2014, 
Urban Algae Canopy modular building blocks made of 
transparent Teflon film (ETFE) with integrated photo-
bioreactors were presented. The architectural shell, 
designed by ecoLogic Studio, made of these blocks, 
will be built for the international exhibition Expo Milano 
2015 for the Italian pavilion. This engineering struc-
ture will be able to produce the same amount of oxy-
gen as four hectares of forest and almost 150 kilo-
grams of micro-algae biomass per day [11]. 
 
PHOTOBIOLOGICAL TREATMENT FACILITIES 
 
Photobiological treatment facilities integrated into the 
architectural envelope of the building allow: receiving 
of third-generation biofuel from microalgae, utilization 
of carbon dioxide for sewage purification and disinfec-
tion, analytical processing of phosphorus compounds, 
and the use of solar radiation in heating systems and 
adaptive lighting. To save the useful area of the build-
ing, the central technological units of photobiological 
treatment facilities are proposed to be carried out on 
the facade of the building, having executed them in 
the form of a hydropneumatic system made of a light-
permeable membrane (ETFE). This engineering solu-
tion can be integrated into already existing treatment 
facilities, or directly into urban development, since by 
recuperating carbon dioxide and manufacturing a 
sealed, translucent architectural shell, the sanitary 
zone around the structures can be significantly re-
duced. Figure 1 shows a possible version of the de-
sign solution for local treatment facilities. 
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Fig. 1.  Architectural shell for installation of photobioreactors 

 
We focus on the development of small treatment 
plants designed for 20-30 people. The main difference 
in our system is the high degree of clo-sure in the flow 
of substances. Thus, the most crucial part of the pro-
ject is to balance all techno-logical processes. The so-
lution to this problem is the use of a sufficiently accu-
rate mathematical model of photobiological treatment 
facilities based on nonstationary differential equations 
describing the laws of conservation of matter and en-
ergy in the volume of underlying structures. In the fu-
ture, the proposed mathematical model might function 
as a basis for an automated con-trol system. 
A parametric approach to the design of engineering 
structures is most suitable for the creation of urban-
ized objects that meet the principles of bio-sphere 
compatibility. In this case, the search for optimal solu-
tions relies on the prototyping of a nonlinear multifac-
tor system. This process is similar to the cultivation of 
a living organism by using various optimization algo-
rithms that make it possible to solve complex shaping 

problems in an automated mode. For example, to en-
sure maximum efficiency of using natural light. Para-
metric methods also allow automating many building 
processes, which should positively affect the cost of 
building photobiological treatment facilities. At the 
same time, the design of the architectural shell, ob-
tained as a result of using algorithms for parametric 
optimisation of building structures, harmoniously fits 
into natural landscapes and has an aesthetically at-
tractive appearance. 
Architectural membranes made of ETFE (ethylene-
tetra-fluoro-ethylene) withstand a temperature range 
of -80 °C to 155 °C. These shells are trans-parent and 
have high heat-shielding properties, are inert to the 
alkaline and acidic medium and do not lose their 
chemical properties during their entire lifespan (about 
25 years). Due to the anti-adhesive properties and the 
very smooth surface of the membranes, they are self-
cleaned by the action of rain and snow. This property 
is particularly valuable, given the biobrain of photobi-
oreactors (fig. 2). 

 
 

Fig.  2. Modular building blocks with integrated photobioreactors 
 

A combination of multiple external factors, whose dis-
tribution in the urban environment is heteroge-neous 

and the presence of one element often excludes the 
presence of others, can influence the efficiency of 
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photobiological treatment plants.  Such factors in-
clude the amount of available solar radiation, the 
number of biogenic elements coming in with organic 
waste, the availability of car-bon dioxide sources, the 
number of consumers of thermal energy, etc. 
The use of the mobile cellular automata tool al-lows 
solving the multi-dimensional task of linking the de-
signed structures to the existing urban de-velopment. 

This algorithm is proposed to be implemented using a 
recurrent scheme (fig. 3), which describes the behav-
ior of various cellular automata, taking into account 
the influence of several factors that are unevenly 
spread in the urban environment [12]. 

 
Fig. 3. Recurrent scheme for calculating the location of structures   

 
To form clusters from mobile cellular automata, the 
authors attempt to describe their behavior by regular-
ities characteristic of natural ecological niches. The 
principle of the algorithm reduces to the following. 
Each factor is presented on a separate monochrome 
map, where a brighter colour corresponds to a more 
intense effect. It is important to note that for different 
tasks, the different intensities of the same factor are 
optimal, and not always the maximum. Mobile cellular 
automata (first-order agents) with a favourable com-
bination of ecological factors are slowed down, other-
wise, their speed increases. Thus, they concentrate in 
areas where environmental factors take optimal val-
ues. In those places where the concentration of mo-
bile machines exceeds the threshold limit, stationary 
agents of the second order representing the proto-
types of the future engineering structure appear. 

These agents are able, in turn, to change the intensity 
of the factors of the terrain. The lifetime of agents of 
the first order is limited. However, it may vary depend-
ing on the concentration in the vicinity of agents of the 
first order. 
Thus, using this approach, it becomes possible to de-
termine the localization of photobiological treatment 
facilities in places where a favorable combination of 
all critical factors is available. After the optimal locali-
zation of photobiological treatment plants has been 
determined on the scale of urban development, it is 
necessary to take into account the shadows cast by 
the sur-rounding buildings, which will allow the most 
efficient integration of photobiological treatment facili-
ties into the existing urban environment (fig. 4). 

 
 

Fig.  4. Example of clustering of mobile cellular automata  
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Microalgae for photosynthesis make the most of only 
5% of solar radiation, and the bulk goes to heating. To 
avoid the overheating which is deadly to living organ-
isms, the shape of the architectural shell has been op-
timized using a genetic algorithm. To this end, the He-
liotrope plug-in was used, which provides a set of ge-
ometric tools for solar analysis for the Rhino / Grass-

hopper programming environment. It includes the par-
ametric components of the calculation of solar vectors 
for a precisely defined date, time and place. Helio-
trope is a handy tool because it uses geometric anal-
ysis instead of animation. This makes it a very useful 
tool for the interactive design of pa-rametric optimiza-
tion. Figure 5 shows the options for calculating the in-
solation of a non-optimized architectural shell. 

 
 

Fig. 5. Calculation of insolation of the architectural shell before optimization 
 

As an objective optimization function, the genetic al-
gorithm uses an integral increase in biomass during 
the day, taking into account changes in daily and an-

nual insolation. The hyperbolic growth rate of microal-
gae is dependent on internal concentrations of bio-
genic elements (the Drup model) of illumination and 
temperature (fig. 6). 

 
 

Fig. 6. Optimized photobiological architectural shell 
 
CONCLUSION 
 
Cultivation of microalgae can turn around the scope 
of wastewater treatment. What was once considered 
a by-product of the city life can now become a valua-
ble resource for ensuring bispheric compatibility. The 
nitrogen and phosphorus compounds contained in 

sewage are necessary resources for the production of 
third-generation biofuels from microalgae. Other re-
searchers have already shown the possibility of in-
creasing the volume of methane produced from the 
biomass of microorganisms formed in sewage treat-
ment plants by increasing the microalgae by order of 
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magnitude. Furthermore, the researchers also consid-
ered the integration of photobiological treatment 
plants directly into urban buildings. It is important to 
note that the architectural envelope of photobiological 
treatment facilities, obtained as a result of parametric 
optimization, is not only the most useful component of 
the shared infra-structure but also a modern art object 
that allows drawing attention to environmental issues. 
In the future, we plan detail the account of the effect 
of scattered and reflected light as well as the spectral 
composition of the radiation in the proposed optimiza-
tion algorithm. This is crucial for the efficiency of the 
photosynthetic processes. Spectral composition of 
the radiation, since this is of key importance for the 
efficiency of photosynthetic processes. 
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Abstract: The paper focuses on a completely new methodology for the research of Biotechnosphere and operation of 
urban life sustaining systems based on the symbiosis of urban and natural environment. This approach facilitates creation 
of a new conceptual scheme for understanding public interests and development on its basis of an urban redevelopment 
methodology. Biotechnosphere humanitarian balance is taken as the main criterion for analytical estimation of the dynam-
ics of system changes of social, demographic, ecological and economic parameters of urban area development. Balance 
biosphere relationships are built on the basis of the hypothesis of the existence of stable functional relations between time-
dependent characteristics of the condition of the constituents and components of social, natural, technological life sustain-
ing systems. Integrated indices characterizing compatibility of urban areas with the natural environment and the level of 
the implementation of city functions based on the values of standardized and essential in terms of human potential devel-
opment parameters are proposed to be used as quantitative analysis variables.  
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INTRODUCTION 
At the turn of the 21st century, irreversible changes in 
the values of environmental parameters as compared 
to the previously existing ones were experimentally 
proved. These changes have led to the increasing oc-
currence of environmental crises and disasters, both 
locally and globally.  The resolution of the V Interna-
tional Scientific Congress ‘Globalistics – 2017: Global 
Ecology and Sustainable Development’ says: ‘There 
has never been such a powerful and controversial 
process in the world history when great potentialities 
of the mankind were accompanied by such serious 
potential threats and dangers.’ [1]  
Environmental pollution impacts living standards in ur-
ban areas, rate of economic and social development 
and ultimately, affects human health and gene pool. 
‘The source of Biosphere degradation is concentrated 
in cities and there its consequence – people degrada-
tion – is manifested…’ [2]. It is becoming apparent that 
a city as an artificial environment of human living is 
the area of increased hazards and discomfort, and an-
thropogenic and technogenic factors of hazards con-

                                           
1Redevelopment in urban development is a funda-
mental change of the planning structure of areas for 

tribute to the occurrence and progression of emer-
gency situations that have not been typical for these 
areas before. This is explained by the fact that urban 
science considers a city as a managerial and engi-
neering system, ‘a developed complex of facilities and 
economy being an agglomeration of architectural and 
engineering structures …’ [3]. In this regard a 
longstanding successive development of urban eco-
system is destroyed, which ultimately results in aggra-
vating psychological problems and social conflicts 
among townsfolk. [4].  
Redevelopment of urban areas supposes a qualitative 
transformation of living and is aimed at the renewal of 
urban built-up areas and change of the type of human 
life activities and existing production relations and the 
reduction of the negative impact on the natural envi-
ronment.1 Nowadays, the need for redevelopment of 
urban systems is determined by the goals of safe hu-
man living environment and creation of comfortable 
conditions for living in cities and settlements against 
the backdrop of the heightened challenges of our 
time. 

the purpose of the increase of functional comfort of 
their use.  
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The living space concept is of top priority for urban 
areas redevelopment. In recent decades fundamental 
research has been carried out in the field of sustaina-
ble development of urban areas [5, 6 et al.]  and the 
formation of modern principles of information interac-
tion between a human being and the natural environ-
ment [7, 8 et al.]. On the basis of scientific research in 
various fields of knowledge, the limits of permissible 
impacts of human civilization on the natural environ-
ment (‘the limits to growth’) are determined [9, 10] and 
philosophy of further development of society is estab-
lished.  
Within the framework of the concept of sustainable 
development accepted by the world community and 
the imperative of tolerable risks, several areas are dis-
tinguished, from a purely technocratic approach ac-
cording to which it is proposed to limit risks in various 
spheres of livelihood, improve technical means of pro-
tection, develop resource-saving environmentally 
friendly technologies and alternative energy sources, 
waste recycling technologies, non-waste production 
and other innovations, and on to new for today ideas, 
based on the balance of intellectual, natural and labor 
resources. At the UN summit on sustainable develop-
ment, held in New York on September 25, 2015, UN 
member states adopted the Agenda for Sustainable 
Development until 2030, which foresees open, safe, 
robust and sustainable cities and settlements. One of 
the modern researchers of sustainable development 
and alternative energy, J. Rifkin says that in the era of 
the third industrial revolution, redevelopment and ur-
ban planning incorporate urban and suburban spaces 
into the biosphere envelope, and social integration 
and the impact of economic activities restriction on the 
environment will entail the creation of ‘biosphere re-
gions’ [11]. 
Nowadays, a scientific solution to the problem of ur-
ban sustainable development lies in the field of inter-
disciplinary research. In fact, it is an integrated  urban 
redevelopment that gives the urban environment its in-
tegral quality. That is why, today, researchers empha-
size the humanization of space as the main task of 
socially oriented redevelopment of urban areas [12]. 
The level of knowledge accumulated in the world 
shows that the problem of safety and comfort of living 
environment lies in the sphere of interaction between 
civilization and culture, i.e. the issues of neutralizing 
some dangers and risks posed by modern civilization 
can be solved, among other things, by means of their 
consideration in line with the common humanitarian 
values worked out by the mankind [4,12].   
 
STATEMENT OF THE RESEARCH PROBLEM AND 
THE RESULTS 
An important part in the scientific solution to the prob-
lem of the redevelopment of urban areas ensuring 
safe and comfortable living conditions is assigned to 

the investigation of a new concept of human life activ-
ities on the basis of interaction with the environment 
and overcoming the antagonistic attitude to nature. 
The Russian Academy of Architecture and Construc-
tion Sciences (RAASN) is proposing a fundamentally 
new scientific approach to urban area redevelopment, 
the essence of which is the investigation of the theo-
retical basis for the development of Biotechnosphere 
and the functioning of life sustaining systems on the 
principles of the symbiosis of urban development sys-
tems and their natural environment [13]. This ap-
proach is aimed at changing the philosophy of being, 
shaping human worldview where all global problems 
of the modern age - economic, social, political, envi-
ronmental, and many others, are not, in all their diver-
sity, problems but the consequence of vicious rela-
tions between man and nature. The entire economy 
of a city, based on the regularities of the functioning 
of social, natural, technical life sustaining systems 
providing progressive sustainable development of ur-
ban areas, is based on this approach. To reinforce the 
priorities of safety and comfort, a system of economic 
and technological principles of urban planning and de-
velopment is proposed, focused on strategic planning 
and the system of settlement [2]. Based on these prin-
ciples, general urban development plans and urban 
areas redevelopment projects can be worked out, 
whose main criterion should be human development.  
The fundamental principle of urban areas redevelop-
ment is the principle of the unity of city, nature and 
human conscience, eliminating the destruction of ‘the 
main productive force - the Biosphere’ [13]. On the 
basis of this principle, the course of urban area trans-
formation is selected, with the emphasis being on the 
formation of a safe environment as an integrated 
space of human activities and the natural environ-
ment.  
In the principles under consideration, the basic ele-
ment in the redevelopment of urban areas providing 
safety and comfort is the principle of balancing of the 
Biotechnosphere in urban areas that determines the 
limits of size of the Technosphere at the available po-
tential of the Biosphere. The balance establishes har-
monious proportions of different parts of the Biotech-
nosphere, including population, and the list and 
amount of resources extracted per unit of time, with 
reference to a particular area. If the Biotechnosphere 
balance is not observed, then urban areas should be 
redeveloped, including the conversion of industries 
and implementation of innovations. ‘Green standards’ 
introduced today into the organization of the public 
space of the built-up areas  are intended to ensure 
area improvement, and are only elements of the bal-
ance, but do not substitute the balance of the Biotech-
nosphere as a whole. Therefore, to ensure safety and 
create comfortable living conditions in the urban areas 
being redeveloped, it is of crucial importance to en-
shrine the balance ratios of the Biotechnosphere as 
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regulatory while developing new documents that will 
statutorily ensure a phased transition to balance 
achievement.  
Based on the new regulatory framework, the urban re-
development strategy can be implemented by means 
of special development programs being the result of 
knowledge and professionalism and creative busi-
ness activity of scientists, engineers, authorities and 
other participants of the program development. By 
means of policy measures, such imbalances as over-
population, environmental pollution, raw material de-
pendence, etc. are eliminated. In this area, proposals 
demonstrating economic effectiveness of the use of 
industrial and domestic wastes, low-quality raw mate-
rials and renewable materials to manufacture high-
quality products competing with traditional goods orig-
inally manufactured using natural resources have 
been developed [14]. The Russian Academy of Archi-
tecture and Construction Sciences proposed technol-
ogies that ensure the renewal of the used natural re-
sources and proved their investment attractiveness.  
In this respect, the vast experience of Germany, for 
example, in the field of environmental remediation in 

the Ruhr area, the largest industrial region of the 
country, can be very useful in terms of energy reha-
bilitation of buildings, use of new energy sources and 
technologies for waste disposal, organization of mod-
ern water disposal systems and climate control and 
management of living environments. 
The above noted and other principles for the redevel-
opment of urban areas, providing safety and comfort, 
were used for the quantitative assessment of projects 
of new residential areas ‘Botanika’ and ‘Zarechensky’ 
in the city of Orel. The objective of the site design and 
housing scheme was traditional for a market economy 
commercialization of dwelling.  In terms of objectives, 
zoning of the developed area was performed by dis-
tributing zones according to their functions: residen-
tial, public, transport, recreational. 
“Zarechensky” project includes development of 47.4 
Ha for residential and commercial properties and is 
designed for 15, 200 people. In the area planning 
scheme (Figure 1) the building area is divided into six 
large blocks.   

 

 
a)  

 
 
b) 

 
 

 
Figure 1 –The general view of the project of ‘Zarechensky’ residential area development (2012) and  

the ratio of functional zones in the project:  
a) a bird-eye view;  

b) the ratio of functional zones in the project and within the development area 
As it follows from the Figure, preference is given to 
residential and commercial real estate development. 

At the same time, the project involves public, social, 
shopping, and entertainment facilities. Public and 
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public-business areas are represented by office and 
commercial integrated premises and separate build-
ings with the number of storeys from 3 to 5 floors. 
The quantitative assessment of the enlarged ratio of 
the use of the areas in ‘Zarechensky’ project showed 
that 62% of the total planning area is allocated for 
building system development (see Fig. 1,b). The area 
of green spaces is 22%. The rest of the development 
area is designed for automobile cluster and transport 
infrastructure –15 %. Basically, these indices meet 
current Russian urban planning standards. However, 
in terms of the principles of urban areas redevelop-
ment under consideration, the proposed development 
version does not provide Biotechnosphere balance. 
This fact is obvious from the analysis of the ratio of 
recreational areas, which include urban parks, gar-
dens, squares and boulevards. The effect of this con-
stituent of the balance is aimed at health improve-
ment, rest, restoration of efficiency and mental health 
of a person. As a rule, a recreational area is placed in 
the structure of a residential area or near it, thereby 
creating a system of open spaces, elements of a bal-
anced proportion between different parts of Biotech-
nosphere of the urban area under consideration. 
The next most important principle of urban redevelop-
ment in terms of the symbiosis of urban planning sys-
tems and their natural environment is quantitative as-
sessment of the most complete implementation of city 
functions. It is important to provide a favourable en-
vironment for human development based on the 
projection of rational human needs on city functions 
from life sustainment to the connection with nature. 
‘Livelihood’ function presupposes availability of de-
cent housing, working places and transport accessi-
bility, provision of food and household items, and af-
fordable medical care. 
‘Entertainment and emotions’ function means creation 
of recreational areas, theme parks, public gardens, 
sports facilities and playgrounds as well as bars, res-
taurants, discos, etc. 
‘Authorities’ function in the project implies the city 
management function. Public authorities’ buildings 
and structures (administrations of districts, cities, re-
gions), legislative and security bodies (police, prose-

cutor's office, courts), institutions with state involve-
ment (post offices, banks, pension funds) that have 
appropriate architectural characteristics and location 
in the site design project. 
‘Beneficen’”, that is the central function of meeting ra-
tional human needs, is poorly represented in the pro-
ject by the relevant facilities personifying and perform-
ing the functions of helping those in need: multi-child 
families, elderly and disabled people, families with 
adopted children. The problem of accessibility of ur-
ban facilities to population groups from different social 
strata is solved on the basis of this function. The limi-
tations of modern approaches to the design of territo-
ries become evident since accessibility of the environ-
ment is reduced mainly to the removal of ‘barriers’ 
(hence the name ‘barrier-free environment’) [15]. 
Human need for knowledge is satisfied by education 
system; therefore, kindergartens, schools, higher ed-
ucational institutions, etc. are included in the project. 
These facilities are an important part of a city and 
largely determine its architectural look; they deter-
mine a place of a city in the hierarchy of other cities 
with regard to the level of human development. 
The function ‘Cognition of the world and creativity’ 
which realizes the need for creativity is represented 
mainly in the buildings of educational and training in-
stitutions. 
Natural need of urban population to see natural land-
scapes is represented with the function ‘Connection 
with Nature’, which also creates an additional psycho-
logical support for city people. An aesthetic compo-
nent of urban landscapes perception plays an im-
portant role. 
Two project versions were compared for ‘Botanika’ 
residential area. Both versions of the project were 
mainly focused on residential development which 
lacks a clear distinction between types of housing (so-
cial, elite). 
The peculiarity of the first project version (Moscow, 
2001) was a vast recreational area in the floodplain of 
the Oka River in the southern and western parts of the 
site plan. From the perspective of transport accessi-
bility, the territory is divided by drive ways leading to 
city highways. 
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Figure 2 –The diagram of the site plan for the version of ‘Orelproekt’ project (bird's eye view) 
 
The second version of ‘Botanika’ development project 
(Fig. 2) was proposed by ‘Orelproect’ design institute 
in 2007-2008. The main objective in this residential 
area development is to maintain the use of the exist-
ing natural park and the riverside zone by means of 
constructing a highway which reduces traffic conges-
tion. 
The implementation of all these functions does not al-
low us yet to talk about the achievement of comfort 
and safety indices in the city areas. These parameters 
should be determined by a numerical study of these 
functions, for example, using integrated indices pro-
posed in [16]: 
 is the index of biosphere compatibility of an urban 
area which characterizes environmental situations in 
urban areas; 
 is the index of the level of city functions implemen-
tation which includes the parameters of space-time 
and territorial accessibility of vital and socially signif-
icant facilities for urban population. 
The desired living standards should be established on 
the basis of statistical data for developed cities, 
depending on the conditions of life activities. The 
obtained results can be compared with the level of the 
population development for different cities as well as 
for one city in the historical context. These and other 
indices should be used as standard ones for site plan 

development and be substantiation for making 
managerial decisions. 
When calculating the index of biosphere compatibility 
for ‘Botanika’ residential area, such factors of 
environmental pollution as vehicle emissions and 
municipal solid wastes were considered. The 
calculations showed that the values of the index of 
urban areas biosphere compatibility determined for 
two versions of design solutions of ‘Botanika’ 
development area (η1 = 0.18, η2 = 0.24) indicate the 
beginning environmental degradation processes in 
this area as a part of the city. Disregarding these 
indices when developing design solutions can lead 
not only to ecological situation deterioration in the city 
but also, as a consequence, to urban population 
degradation (biological, emotional, material) as a 
whole. 
The analysis of city functions implementability for 
‘Botanika’ and ‘Zarechensky’ development projects 
has shown that their main focus is “Livelihood” 
function (Figure 3). The block of residential buildings 
includes mainly multi-storey blocks of flats and 
commercial buildings – 85 % of the total number of 
buildings. There are social facilities including schools, 
kindergartens, sports facilities and structures in the 
project; their share is only 1%. Utility area is 0.08%. 
The rest part is a recreation area.
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Figure 3 – City functions: a) ‘Zarechensky’ development area; b) ‘Botanika’ development area 

 
As a result of the quantitative assessment of the city 
functions implementation for ‘Zarechensky’ and 
‘Botanika’ development projects, it has become evi-
dent that such city functions as ‘Beneficence’ and 
‘Connection with Nature’ are implemented insuffi-
ciently. In the project, the requirements of the urban 
design standards for these functions are fulfilled due 
to the presence of natural recreational areas and the 
harmonious combination of landscape and architec-
tural objects as well as creation of ‘universal design’ 
objects. Nevertheless, there are obviously few urban 
planning solutions for both meeting rational needs of 
the population from different social groups and provid-
ing balance of the Biotechnosphere in the develop-
ment areas. The way out of this situation is to create 
real mechanisms and legislative framework for regu-
lating relations in the ‘environment-human’ system 
and conditions for human potential development on 
this basis as soon as possible. 
Urban areas cannot be considered comfortable if the 
quality indices of urban environment in these areas do 
not include the diverse conditions of public life, taking 
into account national, ethnic and religious interests. In 
this case, it should be noted that the concepts ‘com-
fort’ and ‘supercomfort’ are not to be confused since 
the last one presupposes that the exponentially grow-
ing human needs are satisfied at the expense of nat-
ural resources. From the viewpoint of the approach of 
residential areas development under consideration, 
comfort in urban areas is provided by means of the 
principles given above as well as setting social stand-
ards in urban development planning ensured to eve-
rybody in each municipality, region, and country at the 
expense of public resources [17]. State investment 
into social and humanitarian development of the pop-
ulation can be carried out through state investments 
into basic infrastructure and social facilities, creating 
conditions for attracting urban redevelopment projects 

not only for developers, but, first of all, for urban pop-
ulation. 
Thus, the proposed principles of urban areas devel-
opment based on the symbiotic relationship of urban 
planning systems and their natural environment form 
the basis of safety and comfort of human environment 
in urban areas. These principles can be applied to any 
settlement anywhere in the world, but are especially 
relevant for modern cities with a strained ecological 
situation. The principles of development contain indi-
ces of the effectiveness of urban planning solutions; 
they make it possible to identify problem areas in the 
organization of city life, to change their spatial orien-
tation, to quantitatively assess the opportunities pro-
vided by the city for the development of a person living 
in it, to provide orientation of existing industries to new 
directions and technologies for natural resources re-
newability. 
If all these principles are implemented, then the envi-
ronment can be referred to as not only comfortable, 
but also safe for human development. 
 
CONCLUSION 
The term ‘redevelopment’ traditionally concerns the 
technical constituent and does not reflect the system 
nature of this process i.e. harmonization of population 
and living environment. The proposed principles for 
the redevelopment of urban systems providing safe 
and comfortable conditions of living are based on the 
informational interaction with the natural environment, 
take into account social, demographic, ecological and 
economic indices of the conflict-free in terms of nature 
development. The key element of redevelopment 
based on the principles of biosphere compatibility is a 
humanitarian Biotechnosphere balance that defines 
the strategy of the development (population manage-
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ment, settlement, resettlement) and reflects innova-
tions in the urban economy (green building, renova-
tion and urban areas reorganization, waste recycling).  
Quantitative assessment of fundamental characteris-
tics of the quality of living aimed at safe and comfort-

able conditions of living in urban areas includes inte-
grated indices characterizing compatibility with natu-
ral environment and reflecting the level of the imple-
mentation of city functions based on the values of 
standard and essential in terms of human potential 
development parameters. 

.  
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Abstract:  During design of capital construction projects that have an impact on environment, predictive assessment of 
impact zone of designed project is important. Nowadays, much attention at project’s design stages is paid to effects on 
atmospheric air. Based on the results of applied methods for calculating pollutant emissions, a sanitary protection zone 
for capital construction facilities is established. However, pollutant emissions are accompanied by their accumulation in 
the soil on territory of projected construction site and within the boundaries of sanitary protection zone. This fact further 
leads to the spread of pollutants in soil beyond the boundaries of sanitary protection zone, which is not always taken into 
account when designing sanitary protection zones. Determination of pollutant’s distribution zone in capital construction 
object location soil area is a complex task due to the need of determination of detailed soil-type diagnostic surface genet-
ic horizons in area to be estimated. Article proposes a technique for soil-ecological profiling to determine soil characteris-
tics of study area and to solve problem of making predictive calculations. 
 
Keywords: soil, soil profile, soil conditions, soil-ecological profiling, environmental safety. 
 
INTRODUCTION 
Method of soil-ecological profiling is necessary to 
justify the depth of sampling soil, establish depth of 
fertile and potentially fertile soil layers, create a 
graphic model of soil conditions of study area and 
make predictive calculations in the field of environ-
mental safety of urban facilities construction. 
While creating capital construction projects, regard-
less of territory development degree, it is necessary 
to carry out a number of soils and ground study 
works. When conducting survey works of soils and 
ground sampling, it is carried out to the depth of 
territory development.1 Nowadays, issue of choice 
and application of sampling methods is relevant.2 
Types and subtypes of soils data, their position in the 
relief, soil-forming and underlying rocks, geochemi-
cal composition, soil processes (salinization, flood-
ing, deflation, erosion), degree of degradation (de-
pletion, physical destruction, chemical pollution) are 
collected and analyzed. If collected materials are 
insufficient, soil survey or soil-geomorphologic profil-
ing should be carried out.3,4,5 
 
THE RESULTS ACHIEVED BY USING THE METHOD OF 
SOIL-ECOLOGICAL PROFILING 
System of interconnected genetic horizons forms a 
soil profile, on the basis of which soil diagnostics and 
classification are carried out. So, in certain areas 
under study, certain types of soils have certain soil 
profiles with characteristic genetic (soil) horizons6,7. 
To establish the type of soil, it is necessary to lay a 

soil cut, describe the soil profile and its horizons8. 
Development of soil and environmental profiling 
methodology allows solving the following tasks in the 
field of ecological safety of capital construction facili-
ties: to assess the thickness of fertile and potentially 
fertile soil layers, to establish the capacity of genetic 
soil horizons to the depth of territory development, to 
justify the depth of sampling, to construct a graphical 
model of soil profile of study area for environmental 
calculations, to obtain soil characteristics of design 
site, to obtain predictive estimates of changes in the 
state of soil conditions in the area where facility is 
located, to carry out work on predictive mapping. 
 
THE MAIN PROVISIONS OF THE METHODS OF SOIL-
ECOLOGICAL PROFILING 
Diagnosis is based on the study of genetic horizons 
on vertical wall of incision.9,10,11 Conducting of soil-
ecological profiling is based on work organization of 
obtaining soil sections at control points. Nowadays, 
such work is done manually, which has a number of 
shortcomings: speed; distortion of resulting images 
color under different weather conditions, presence of 
limitations along study depth, etc.12 To solve this 
problem, it is proposed to obtain a soil cut by means 
of engineering-ecological drilling with the help of 
auger drilling with an annular hole up to 200 cm, 
followed by a fragmentary survey and formation of a 
soil cut in scale. 
Demonstration of a fragmented soil survey is shown 
on Figure 1. 
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Fragmentary survey and formation of a soil cut in 
scale are performed using automatic seamless com-
pilation of images, which is performed by shooting 
fragments by a specially designed installation that 
allows vertical movement of photographic fixing de-
vice strictly in the same plane and for a given dis-
tance. 
To obtain high-quality soil cut, it is necessary that the 
fragments have the same exposure, survey is per-
formed with the same ISO and white balance set-
tings, and autonomous lighting is adjusted in such a 
way as to minimize unwanted vignette effects. 

 
Fig.1. Demonstration of a fragmented soil survey 

 
Increase in the overlapping of fragments positively 
influences on quality of resulting cut, but this leads to 
a significant increase in amount of initial information, 
leading to an increase in labor costs for its pro-
cessing. In conditions of a limited well space and a 
small distance from objective to subject, as well as 
parabolic profile of borehole wall, special require-
ments are imposed to camera, compliance with 
which allows to avoid problems with distortion and to 
keep within the minimum GRIP range. 
Task of image cut obtaining in most correct colors is 
extremely important, for this purpose, camera and 
printing devices are calibrated, by photographing of 
calibration template under autonomous illumination 

conditions and obtaining corrections on the basis of 
which a profile is created for further constant correc-
tion of obtained fragments. 
 
IMAGE ANALYSIS 
Using of obtained images of soil cuts, it is possible to 
estimate the thickness of fertile and potentially fertile 
soil horizons. Thickness of fertile and potentially 
fertile soil layers to be removed should be estab-
lished on the basis of: an assessment of soil fertility 
level and soil cover structure; evaluation of individual 
genetic horizons fertility of soil profile of main types 
and subtypes of soils.13 Estimation of fertility and 
potentially fertile layers is performed taking into ac-
count complex of laboratory studies depending on 
soil physical properties and structure, pollution levels 
at different depths may differ significantly. Number of 
points for conducting soil pollution studies to the 
depth of development should be determined in each 
case separately. So it is necessary to establish the 
number of soil horizons to the depth of development 
and make a selection from upper and lower layers of 
genetic soil horizon. Based on obtained soil cut re-
sults (Figure 2, 3), it is possible to identify soil hori-
zons and determine the depth of sampling. 
For engineering and ecological column number 1 
(Figure 2), located in Leninsky district of Volgograd 
region, following horizons were distinguished: 
- upper light humus horizon AJ with a loose, lumpy 
structure, thickness of horizon is 8-10 cm. 
- low-power whitish thin-sloped horizon SEL is not 
determined. 
- solonetzic horizon BSN is brownish-brown, dense, 
with a columnar-prismatic multi-order structure, 
thickness of horizon is 35-40 cm. 
- subsolonetzic horizon BCON is duller than of solo-
netzic layers, structure is finely prismatic. Carbonate 
neoplasms are absent, total thickness of horizon is 
55-60 cm. 
- accumulative-carbonate horizon of Cca less dense, 
prismatic, with carbonate neoplasms in the form of a 
white-eyed. Depth of gypsum neoplasm’s occurrence 
and readily soluble salts varies considerably; total 
thickness is 115-120 cm. 
For engineering and ecological column number 2 
(Figure 3), located in Leninsky district of Volgograd 
region, following horizons were distinguished: 
- upper light humus horizon AJ with a loose, lumpy 
structure, thickness of horizon is 5-8 cm. 
- low-power whitish thin-sloped horizon SEL is not 
determined. 
- solonetzic horizon BSN is brownish-brown, dense, 
with a columnar-prismatic multi-ordered structure, 
thickness of horizon is 30-35 cm. 
- subsolonetzic horizon BCON is duller than of solo-
netzic layers, structure is finely prismatic. Carbonate 
neoplasms are absent, total thickness of horizon is 
75-80 cm. 



92

 
Fig.2. Obtained soil cut results (column number 1) 

 
Fig.3. Obtained soil cut results (column number 2) 
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Fig.2. Obtained soil cut results (column number 1) 

 
Fig.3. Obtained soil cut results (column number 2) 

- accumulative-carbonate horizon of Cca less dense, 
prismatic, with carbonate neoplasms in the form of a 
white-eyed. Depth of gypsum neoplasm’s occurrence 
and readily soluble salts varies considerably; total 
thickness is 85-90 cm. 
 
 
THE APPLICATION OF THE RESULTS 
Construction of soil profile graphic model of investi-
gated area is possible after obtaining soil cut data on 
the territory of study area at control points. Thus, 
initial compilation of a soil profile is required. Soil 
profile must be built along the site of projected con-
struction in the direction of groundwater runoff. Fre-
quency of soil incisions is also determined by direc-
tion of groundwater runoff. 
Based on obtaining soil profile results of study area, 
a graphic model is constructed. After construction of 
graphic model, soil characteristics of investigated 
territory are determined: runoff slope, thickness of 
genetic horizons, level of soil contamination, physical 
properties of rocks and degree of their contamination 
from the surface. 
On the basis of obtained soil characteristics, stability 
of soil strata within the limits of studies carried out 
and distance that contamination of solid and liquid 
contaminants can advance are calculated. 
So, for example, earlier by researcher, Candidate of 
Geological-Mineralogical Sciences, Akimova A.A. a 
method has been proposed for distance calculating 
to which contamination of liquid pollutants can ad-
vance on the basis of obtained soil characteristics, 
which takes into account: distance to which pollution 
can go, filtration coefficient, soil horizon slope, time 
and uniformity (heterogeneity) of spreading zone: 

ℓ= α (k i T /n);    

where: l -distance to which pollution can advance;  
k - filtration coefficient;  
I - soil horizon slope;  
T - time, days;  
 - correction coefficient for homogeneity of spread-
ing zone. 
In turn, when assessing the spread of settling parti-
cles of solid pollutants, infiltration of moisture is im-
portant, which is formed when soil moisture passes 
from loosely bound to free gravity. 
Distribution of solid contaminant is determined by the 
value of soil moisture infiltration Min and dissolution 
of contaminant in it. Interaction of moisture with sol-
uble substances is characterized by solubility coeffi-
cient ks. 
Quantitative characteristic of infiltration moisture 
intake depends on thickness of biologically active 
layer, its granulometric composition, its structure, its 
initial moisture, amount of water supplied to soil with 
atmospheric precipitation or watering, and species 
composition of phytocenosis.14,15 These characteris-

tics are determined by proposed methodology using 
soil-ecological profiling. 
Forecast calculations of solid pollutants spread in 
soil along the territory of sanitary protection zone, as 
well as beyond, should be preceded by calculations 
of pollutants dispersion in ambient air and determina-
tion of dust particles of solid pollutants settling rate. 
With the use of meteorological characteristics pro-
vided by authorized bodies of projected facility con-
struction area, the followings are determined: maxi-
mum period of no precipitation (Tnp); maximum value 
of rainfall in the period of extreme abundance Qmmd). 
Based on calculations results of solid pollutants dis-
tribution in ambient air and rate of sedimentation of 
pollutants on soil surface, specific accumulation of 
pollutant on soil surface (Qc) is determined. 
Using information about maximum period of precipi-
tation absence (Tnp), it is possible to determine site 
zones and sanitary protection zone with maximum 
accumulation (Max / period {Qc}) of contaminant on 
soil surface. So in direction of discharge of ground-
water, above zones are constructed from 1 to n. 
Scheme for zones constructing of pollutants accumu-
lation is shown on Figure 3. 

 
Fig.3. Scheme for zones constructing of pollutants 
accumulation 

 
After that, it is necessary to carry out basic calcula-
tions to establish the values: dissolution amount of 
accumulated pollutants in the moisture coming from 
atmospheric precipitation; concentration of pollutant 
in the moisture of i-th contamination zone, amount of 
free gravitational moisture of i-th zone of pollution 
during the period of extreme precipitation abun-
dance. Calculation of free moisture amount and 
concentration determination of pollutant in moisture 
of i-th zone of pollution is not possible without soil-
ecological characteristics established during the 
profiling work. 
After that, with the use of software, work is carried 
out on predictive mapping. In the course of which 
total pollutant concentrations at the border of sani-
tary protection zone and boundary of territory that 
reach permissible values are established, taking into 
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account maximum accumulation of analyze sub-
stance on soil surface and period of extreme precipi-
tation abundance. Now carrying out expected map-
ping is relevant as zones of pollutants distribution 
getting into soil from atmospheric air are calculated 
on the basis of received soil characteristics. 
Developed methodology fundamentals of soil-
ecological profiling are of great importance for eco-
logical safety of urban facilities construction. Obtain-
ing soil profile of study area makes it possible to 
determine the complex characterization of soil condi-
tions of proposed construction site and, based on it, 
to carry out work on predictive mapping, determining 
distribution of pollutants zones. Article establishes 
main soil characteristics, which are of great im-
portance in carrying out ecological calculations. It 
has also been established that it is impossible to 
correctly substantiate the depth of sampling during 
chemical contamination assessment, as well as 
assessment of surface soil layers by agrochemical 
indicators, without performing research on soil cuts. 
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Automation and robotics are currently regarded as one of the leading areas of innovation within the construction industry. 
Research in this area has been conducted for decades leading to many practical uses. Through the development of new 
technologies, automation and robotics is expected to catalyze a new paradigm for problem solving in construction, as it 
already did in manufacturing. The process of urban transformation is a social, economic and environmental issue that can 
benefit from the use of automation and robotics. Metropolises, especially in the developing world, are facing remarkable 
problems including but not limited to population aging, lack of labor force, land shortage, inadequate infrastructures, traffic 
congestion and environmental challenges. More importantly, modern metropolises lack the flexibility to be sustainably 
transformed in response to new use cases. This study proposes a novel technological guide for urban development, based 
on advanced building technologies, which mitigate these imminent issues. The primary challenges of modern metropolises 
are first analyzed. A multi-functional robot-oriented framework based on a cyber-physical system is initiated. The proposed 
framework, which consists of an ICT platform based on city information modeling and a physically connected infrastructure 
network, allows for the realization of sustainable and rapid urban transformation. The key principles throughout the entire 
lifecycle of the city are also introduced and the facility management scenario is demonstrated. This approach is expected 
to provide a valuable scheme for the future planning of urban transformation from a technological perspective. Further 
potential investigations and pilot projects to validate the feasibility, performance and efficiency of the framework are dis-
cussed in conclusion. 

 
Keywords: Construction robotics, infrastructure, Robot-oriented Urbanism, sustainability, urban transformation 

 
INTRODUCTION 
Construction robotics and automation is anything but 
a novelty, yet the real-world application is still at its 
early stage1. Innovative approaches to use automa-
tion and robotics in Architectural, Engineering and 
Construction and Facility Management (AEC/FM) do-
mains not only provide a new paradigm for problem 
solving but also improve the industry’s profile from tra-
ditional to modern. Urban transformation, as a social, 
economic and environmental issue, is such a process 
that can facilitate the use of automation and robotics. 
The problems faced by the metropolises such as pop-
ulation aging, lack of labor force, land shortage, inad-
equate infrastructures, traffic congestion and environ-
mental challenges are getting difficult to handle. Flex-
ible solutions are required to transform the modern 
metropolises sustainably to meet the new use cases.  
In this study, we propose a novel technological guide 
for urban development based on advanced technolo-
gies, to overcome the forthcoming issues. A two-step 
methodology is adopted: (1) the analysis of the pri-
mary challenges of modern metropolises and (2) de-
velopment of the multi-functional robot-oriented 
framework based on a cyber-physical system. The 
proposed framework consists of an ICT platform 
based on city information modeling and a physically 
connected infrastructure network. It  allows for the re-
alization of sustainable and rapid urban transfor-

mation. The basic principles of the proposed ap-
proach comprising the entire lifecycle of the city from 
planning, construction, maintenance to demolition, 
are first presented and then the facility management 
scenario is demonstrated. This framework is expected 
to provide a useful guideline for future urban transfor-
mation planning. 
 
BACKGROUND 
Rapid urbanization 
The process of urbanization today has entered an un-
precedented era. According to a recent UN study, ap-
proximately two thirds of world population will be living 
in urban areas by 20502. Most of the current urban 
sprawl phenomena happen in developing countries, 
which trigger a series of social, economic and envi-
ronmental challenges, such as overpopulation, land 
shortage, labor shortage, lack of adequate infrastruc-
tures and environmental challenges. For instance, 
China has the largest population in the world, how-
ever it has limited arable land, despite of the large 
landmass. Currently, China is experiencing a rapid ur-
banization process, in which urban population sur-
passed rural population for the first time in 20113. It is 
estimated that in the next 15 years, there are approx-
imately 300 million people will migrant from the rural 
region to cities. It is foreseeable that a large number 
of workers are needed to participate in urban devel-
opment process. Nevertheless, due to the decades-
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long national birth control policy as well as the high-
speed economic growth, China, widely known as the 
world’s largest manufacturing hub, is now facing labor 
shortage and demands of higher wages. Therefore, 
how to solve the issues in the process of rapid urban-
ization has become a key topic of the interdisciplinary 
research. 
 
Population aging 
The term population aging is a phenomenon that 
emerges when the average life expectancy of a region 
increases. Population aging phenomenon first ap-
peared in more developed countries like Japan and 
Germany, because of the increasing life span and de-
clining birth rate. It then emerged in some newly in-
dustrialized countries such as China, mainly due to 
the decades-long national birth control policy4.  Fig. 1 
shows how the population pyramid of China dramati-
cally shifts from 2010 to 2050 with the total amount of 
population staying nearly the same5. 

 
Fig.1. China’s population pyramid of 2010 and 2050 
(Source: United Nation’s World Population Prospects, 
the 2015 Revision; image adapted from PopulationPyra-
mid.net) 

Accordingly, in East Asia and Europe, a great number 
of countries currently have an aging population. The 
fertility levels of most of the developed countries are 
now relatively low, and the population growth of those 
countries now depends more on immigration from 
other countries. Moreover, the population aging phe-
nomenon is becoming increasingly serious as the el-
derly generation enjoys a longer life expectancy, 
thanks to the advanced medical technologies. The 
statistics below show how serious the population ag-
ing problem is. According to the UN Human Develop-
ment Report 2005, more than 150,000 people die 
each day worldwide, and about two thirds of them die 
of age-related diseases. In the industrialized countries, 
the ratio reaches a much higher ratio of approximately 
90%6. It is known that the problem caused by popula-
tion aging is obvious and serious. The issues include, 
but are not limited to as follows: the workforce reduces 
so that enterprises are more likely to move to coun-
tries with cheaper labors; industries suffer from a 
shortage of labor resource; and high social welfare 
leads to a high national financial burden. How to re-
lieve the consequences of aging society has become 
a serious research topic. Today, it is widely proved 
that construction automation and robotics have be-
come a key to tackle the aforementioned challenges 
such as labor shortage and population aging. 
 
The evolution of urbanism 
The term urbanism refers to the study of the charac-
teristic ways of interaction of urban inhabitants with 
the built environment. It is often considered as a direct 
component of disciplines such as urban design, urban 
planning and urban sociology. Ever since the 1950s, 
researchers and urban planners have proposed nu-
merous theories of urbanism, including but not limited 
to Ecological Urbanism, Green Urbanism, New Ur-
banism, Landscape Urbanism and Intelligent Urban-
ism. These urbanist theories paved the way of today’s 
various types of urban forms. However, limited re-
search of urbanism has responded to the rapid devel-
opment of robotic technology. In the context of rapid 
urbanization and shrinking working age population, a 
framework for urban transformation, which addresses 
the usage of robotics and automation, or in other 
words Robot-oriented Urbanism (ROU), needs to be 
conceived and proposed, in response to the Zeitgeist 
of the era of robot and information technology. 
 
STATE OF THE ART ANALYSIS 
Building Information Modeling (BIM) and Process 
Information Modeling (PIM) 
The necessity of integrated data approach has re-
sulted in “building modeling” concept, which is the de-
velopment of a single model of the architectural pro-
ject that related together the 2D, 3D and material 
property information for both schematic and detailed 
design7. Building information modeling (BIM), as an 
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STATE OF THE ART ANALYSIS 
Building Information Modeling (BIM) and Process 
Information Modeling (PIM) 
The necessity of integrated data approach has re-
sulted in “building modeling” concept, which is the de-
velopment of a single model of the architectural pro-
ject that related together the 2D, 3D and material 
property information for both schematic and detailed 
design7. Building information modeling (BIM), as an 

object-oriented technology, offers a wealth of infor-
mation that is generated automatically as the model is 
created and provides many efficiencies and benefits 
for all stakeholders across the project lifecycle8,9. 
However, since BIM simulates the construction pro-
ject in a virtual environment before the actual produc-
tion, to resolve any potential design conflicts, a pro-
cess-oriented modeling approach, which transfers 
building model to process model. Process Information 
Modeling (PIM) provides a collaborative way of plan-
ning, designing, producing, assembling, and manag-
ing the repeatable deployment process through em-
bracing real-time data processing that helps identify 
the issues in advance, predict malfunction, reduce 
production time and cost10.  
 
Cyber-Physical System (CPS) 
As one of the information technology-based methods, 
cyber-physical systems (CPS), is termed as the effec-
tive bidirectional integration of computational re-
sources with physical processes and offers the oppor-
tunity to address the problems in the construction in-
dustry11. This promising approach provides real-time 
seamless information flow between the design and 
construction team, thus aiding quick decision making 
in the construction domain as it did in other industries 
such as the aerospace, transportation, telecommuni-
cation and healthcare12.   
 
Robot-Oriented Design (ROD) 
First conceptualized by Thomas Bock in 1988, Robot-
Oriented Design (ROD) emphasizes the idea that be-
fore the final on-site construction process, all param-
eters should have been already considered at the ear-
lier design and production stages13. In order to estab-
lish determined conditions for robotic on-site opera-
tions, the elements of building subsystems (e.g. build-
ing structure, component, assembly method and 
equipment selection, etc.) need to be geometrically 
and physically well defined in accordance with robots 
and automation. 
 
Sky bridges and the cable car system 
Arguably, the first modern building with a bridge be-
tween two towers was the National Congress Building 
in Brasilia designed by Oscar Niemeyer in the late 
1950s. Later with the rapid progress of Japanese Me-
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sky bridges will take on more functions in urban de-
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Modularization and prefabrication 
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components (i.e. building subsystem manufacturing, 
such as kitchen modules, bathroom units, assistance 
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buildings19. In the robot era, most parts and compo-
nents of the buildings can be prefabricated in coordi-
nation with Open Building concepts, in order to 
achieve flexibility and sustainability throughout the 
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Construction robots 
Starting from the 1970s in Japan, single-task con-
struction robots (STCRs) were developed primarily for 
the use on construction site to imitate skilled labor. 
Until today more than one hundred STCRs are devel-
oped, most approaches are designed to substitute hu-
man construction activities, which are considered dif-
ficult, dirty and dangerous. To be specific, these ro-
bots can help do a variety of repetitive, dangerous or 
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sophisticated works, easing pressures on labor short-
age and skill mismatch.  
Existing STCRs can be categorized into 24 systems, 
which include (1) automated site measuring and con-
struction progress monitoring robots including mobile 
robots and aerial robots, (2) earth and foundation 
work robots, (3) robotized conventional construction 
machines, (4) reinforcement production/positioning, 
(5) automated 3D concrete structure on-site produc-
tion, (6) automated 3D truss / steel structure on-site 
assembly, (7) bricklaying robots, (8) concrete distribu-
tion robots, (9) concrete levelling/compaction robots, 
(10) concrete finishing robots, (11) site logistic robots, 
(12) aerial robots for structure assembly, (13) swarm 
robotics and self-assembling building structures, (14) 
robots for positioning of components, (15) steel weld-
ing robots, (16) façade installation robots, (17) tile set-
ting and floor finishing robots, (18) façade coating / 
painting robots, (19) humanoid construction robots, 
(20) exoskeletons/wearable assistive robots, (21) in-
terior finishing robots, (22) fireproof coating robots, 
(23) service, maintenance and inspection robots, and 
(24) renovation and recycling robots20. These sys-
tems have immense potential in the future construc-
tion industry and urban development. 
 
On-site construction factory (OCF) 
Since the late 1980s, Japanese contractors began to 
realize that payoffs of single-task robots were limited 
unless more of the construction process could be au-
tomated and integrated. Therefore, they began to ex-
plore the application of manufacturing principles to 
construction. There are four fundamental elements in 
an on-site automation system: (1) an on-site factory 
protected by an all-weather enclosure, (2) an auto-
mated jacking system, (3) an automated material con-
veying system, and (4) a centralized information con-
trol system. Most of the on-site construction factories 
use just-in-time material delivery system, bar-coded 
parts or components and computerized information 
management system to improve the efficiency and 
quality of the construction process. Other tasks such 
as welding, painting and concrete finishing can be fur-
ther carried out by single-task construction robots. In 
addition, the on-site construction factory system can 
also be applied to the deconstruction process21.  
For example, Big Canopy, designed by Obayashi Cor-
poration in 1995, was the first automated construction 
system applied in the construction of precast concrete 
structures. The Big Canopy itself is supported by four 
mass independent columns around the building, 
which allow more flexibility than other previous sys-
tems. The system has a self-climbing temporary roof. 
Once the floor was erected, the canopy was jacked 
up one story at a time and always left a two-story 
space in between the canopy and the on-site factory 
floor. Furthermore, the system has a parallel material 
delivery system, which consists of overhead cranes 

and material delivery lifts. On the other hand, HAT 
Down method, developed by Takenaka Corporation, 
is a closed sky factory supported by building itself 
(moving downwards). The HAT Down system, which 
can be seen as a reversed on-site construction factory, 
consists of a series of integrated subsystems: sky fac-
tory roof structure, climbing system, horizontal deliv-
ery system, lowering shafts, material handling, sorting 
and processing yard, real-time monitoring and man-
agement system, templates for cutting. In addition, 
deconstruction site requires some new types of end-
effectors, such as material sorting for recycling, water-
cutting, and laser-cutting21. 
 
Ambient Assisted Living (AAL) 
Ambient Assisted Living (AAL) comprises methods, 
concepts, electronic systems, products and services 
that support the everyday life of the elderly and disad-
vantaged population in a customized and unobtrusive 
manner. The applied designs and technologies are 
human-centered and integrated into users’ daily living 
environment. The groups of AAL users are heteroge-
neous, which range from healthy and active elderly 
population, who are assisted with lifestyle-promoting 
technologies to improve the quality of life; to popula-
tion with multiple chronic diseases, who are supported 
to lead a longer independent life in the home environ-
ment. For instance, in the project USA2, researchers 
developed an indoor workstation system based on 
cloud manufacturing technology to promote the el-
derly’s ability to continuingly and independently 
work22. This is a successful application of AAL to ad-
dress aging society and labor shortage issues. 
 
PROPOSED FRAMEWORK  
In the renowned sustainability masterpiece, Operating 
Manual for Spaceship Earth, R. Buckminster Fuller re-
lates Earth to a spaceship traveling through space, 
which has limited resources and cannot be resup-
plied23. In the same sense, modern metropolises can 
be related to the various robots equipped on Space-
ship Earth. Given limited resources, in order to 
achieve a higher level of automation and sustainability, 
cities need to be further connected, both virtually and 
physically. As a result, a framework for sustainable 
and rapid urban transformation, or in other words “Ro-
bot-oriented Urbanism (ROU)” is proposed in this re-
search as an “operating manual” for the future urban 
development in the robot era.  
 
Principles of Robot-orient Urbanism (ROU) 
As the operating manual for future urban transfor-
mation, Robot-orient Urbanism (ROU) has certain 
principles as follows: 
(1) ROU promotes strong infrastructure systems on 

both cyber and physical levels. 
(2) ROU responds to social justice and community 

interactions in the context of aging society. 
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principles as follows: 
(1) ROU promotes strong infrastructure systems on 

both cyber and physical levels. 
(2) ROU responds to social justice and community 

interactions in the context of aging society. 

(3) ROU stimulates economic growth and upgrade 
the employment. 

(4) ROU respects the environment and prioritize sus-
tainability. 

(5) ROU integrates robotics and information technol-
ogies (e.g., ICT, Big Data, BIM/PIM, ROD, Open 
Building, robotic prefabrication, STCR, OCF, AAL, 
etc.). 

(6) ROU preserves the tradition and urban form ver-
satility. 

(7) ROU encourages human activity and public 
transportation. 

(8) ROU pays high attention to safety issues. 
(9) ROU supports education, research and 

knowledge creation (training center for robot ma-
neuver). 

(10) ROU reflects the aesthetics in the era of robot 
and information technology. 

 
Schematic model of the PIM-based and robot-ori-
ented ICT platform and the facility management 
scenario 
A PIM-based and robot-oriented ICT model is intro-
duced for providing an integrated and automated plat-
form utilizing smart technologies throughout the entire 
project lifecycle (Fig. 2). The framework proposes in-
tegrated design, prefabrication, process-based auto-
mated/robotic construction, automation systems for 
operation and maintenance and robotic demolition 
phases building on database connection ICT platform 
for sky bridges, infrastructure, buildings and neighbor-
hood by taking social, economic and environmental 
aspects into consideration.      

  
Fig. 2. PIM-based and robot-oriented ICT platform 

 
A scenario with the components of facility manage-
ment is demonstrated in Fig. 3. The utilization of 
BIM/PIM and robotics for operation and maintenance 
processes is based on the information flow from as-
built projects to specific task robots including cleaning, 
painting, façade replacement, fire safety, logistics, 

service and inspection and rescue. The as-built pro-
jects generated by using BIM software and exported 
as IFC format. Due to being an open standard widely 
supported by industry tools, IFC is preferred for data 
acquiring. The related data is then transferred to the 
robotic center so that corresponding robot could man-
age to perform its task.       

 
Fig. 3. Facility management scenario 

 
Schematic model of physically connected infra-
structure network 
The proposed basic framework can be applied in a 
typical urban design project, especially in developing 
world with high population density and large urbaniza-
tion demand. For example, in the city of Wuhan, cen-
tral China, in order to mitigate the severe challenge of 
aging population and environmental pressures, a 
scheme based on the proposed framework can be ap-
plied. In the schematic plan demonstrated in Fig. 4, 
the major high-rise buildings are connected by sky 
bridges, while the rest of the city is interlinked by the 
cable transit system.  

 
Fig. 4. Schematic urban plan based on the proposed 

framework 
 

This interlinked infrastructure network is multifunc-
tional, not only providing rapid transportation for the 
urban inhabitants using cable cars, but also enabling 
rapid construction robot deployment for various appli-
cations (Fig. 5). Furthermore, along with the cable car 
station, on the roof of each building a robot supporting 
system needs to be installed in order to support the 
multiple robot applications on the building façades. In 
this framework, major high-rise buildings are inte-
grated with on-site construction factories as their roofs, 
enabling the future vertical expansion of the city. Last 
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but not least, Ambient Assisted Living technology will 
be widely applied in the living environment of the ur-
ban inhabitants. 

 
Fig. 5. Multifunctional cable transit system for rapid pub-

lic transportation and robot deployment 
 
DISCUSSION AND CONCLUSION 
Advantages of the PIM-based and robot-oriented 
ICT platform 
The proposed PIM-based and robot-oriented platform 
can bring various benefits to the AEC/FM domains, in-
cluding but not limited to: 
 enabling early collaboration of project stakehold-

ers through integrated design approach, 
 enhancing stakeholder relations, 
 improving on-site construction processes by 

means of automated systems and robotic con-
struction (including 3D printing, GPS tracking, 
wearables, laser scanning, mobile devices and 
construction robots),    

 minimizing construction time and consequently 
construction costs, maximizing operational effi-
ciency, 

 providing consistent operation and maintenance 
services due to real time data processing,  

 supporting assistive living so that improved age-
ing society, 

 creating an improved waste management plan 
that results in better quality of life,  

 establishing a healthy and safe environment dur-
ing the demolition phase with the help of robotics,   

 recycling construction and demolition wastes, 
 allowing performance and resource usage im-

provements, 
 reducing risks and increasing overall productivity 

throughout the entire project lifecycle,  
 and maintaining sustainability.  
 
Advantages of the physical infrastructure network 
In this proposed framework, the connected infrastruc-
ture network can achieve various benefits, including 
but not limited to: 
 creating gathering space and attraction for resi-

dents and tourists, thus revitalizing communities,  
 providing rapid and flexible evacuation when 

emergency occurs (e.g., fire, earthquake, inci-
dent, etc.)14,  

 deploying rapid accident handling and rescue 
through the infrastructure network (e.g., fire 
trucks, firefighting robots, ambulances, helicop-
ters, etc.),  

 saving floor space to create more benefits for de-
velopers and owners,  

 creating more air-conditioned interior circulation 
space in the hot humid climates (e.g., Southeast 
Asia, the Middle East, etc.),  

 absorbing larger wind, mass and seismic loads 
for buildings by being more physically con-
nected24,  

 enabling rapid transport and robot deployment 
through sky bridges, light rail transit, and cable 
cars, 

 reducing traffic congestion and accidents, thanks 
to the infrastructure network,  

 providing extra space for urban farming and land-
scape, thus enhancing environmental sustaina-
bility,  

 and avoiding urban homogenization by providing 
sufficient flexibility and versatility for urban forms. 

 
Conclusion and future work 
In summary, this study focuses on a new approach to 
handle the urban transformation in a holistic manner. 
In response to the issues raised by metropolises such 
as population aging, lack of labor force, land shortage, 
inadequate infrastructures, traffic congestion and en-
vironmental challenges, a multi-functional robot-ori-
ented framework, which builds on a cyber-physical 
system, is proposed. In the context of the framework, 
the PIM-based and robot-oriented ICT platform pro-
vides an integrated, automated and collaborative en-
vironment (atmosphere) including the entire lifecycle 
of the physical aspect. As a significant part of the 
lifecycle, the facility management scenario highlights 
the main components of operation and maintenance, 
and emphasizes technical aspects of data acquisition 
and processing for robot tasks. The representation of 
the physically connected infrastructure network as the 
schematic application of the proposed framework in a 
typical urban design helps prove the possibility of im-
plementing such a novel approach.  
Preliminary and schematic as it is, the proposed 
framework for urban transformation brings the oppor-
tunity to utilize advanced technology for faster solu-
tions and more sustainable outcomes. Research pro-
jects can be proposed based on this approach. Fur-
ther technical and structural details of the proposed 
framework need to be further designed and validated. 
The proposed framework could be first applied in de-
veloping countries with high urbanization demand, or 
regions with a high population density. Afterwards, 
metropolises worldwide could also benefit from this 
framework. 
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The cities which top World City, Global City, Liveable City and similar rankings tend to be in developed or overdeveloped 

world. The new threshold of technological development adds new, Smart City status. When judged according to the 

common, time-honoured urban quality criteria (Gehl, 2010), those cities satisfy (at least basic) safety criteria and have 

the undeniable history of improvements in terms of comfort. But, despite veritable efforts, they rarely deliver the ultimate 

quality of life - delight and pleasure. Under that rubric, the rankings accept various “public art”, “engagement” and “partic-

ipation” surrogates and consumerist spectacles. The kind of development celebrated in those rankings is also often at 

odds with environmental and cultural responsibility, because they tend to be in function of generating and enhancing 

competition among centres of capital and power, which makes their criteria compromised by marketing agendas and 

produces distorted, biased images. The overarching position of the project is that “the quality and the character of every-

day life, together with spatial expressions of ordinary activities are going to be the measure of success or failure on the 

road towards sustainable development” (Radović, 2010). Accordingly, definitions of urban “smartness” within that project 

rely on the presence of healthy, rooted Smart Communities and their contemporary relevance. Such settlements, while 

often safe just enough and comfortable just enough, possess strong cultural energies capable to spontaneously generate 

the pleasures of everyday life. The aim of the paper is threefold: (1) to define urban spaces and practices which can 

generate and support pleasures of life; (2) to place and discuss concrete examples of everyday life and ordinary activities 

in selected case studies; and (3) to open questions about the possibility of planning and design which elevates quality of 

ordinary, everyday life for general urban population, beyond domination and banalisation of the globalised consumerism. 

This essay is polemological as, in de Certeau's tradition, it hopes to help “force theory to recognise its own limits” (2006).  
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INTRODUCTION 
When addressing cities, one should never forget the 
ultimate complexity of the phenomenon which we 
associate with that term. Or, as Felix Guattari has 
beautifully put it, when we think about cities, we are 
always thinking about something else. As embodi-
ments of culture, cities can be understood as “most 
immoderate of human texts”1, arguably “the supreme 
work, the work of works”2. While having something 
substantial in common, the simplest lived experienc-
es in what the locals might call city in English lan-
guage, città in Italian, ciudad in Spanish, ciutat in 
Catalan, gorod in Russian or grad in many other 
Slaviic languages, medina in Arabic, mueang in Thai, 
Stadt in German, ville in French,  machi in Japanese 
or shi néi in Chinese differ profoundly.  
That complexity was captured in Lefebvre’s tripartite 
definition: “we [...] here propose a first definition of 

the city as a projection of society on the ground [...] 
What is inscribed and projected is not only a far 
order, a social whole, a mode of production, a gen-
eral code, it is also time, or rather, times, rhythms”; 
to that, he adds ” another definition which perhaps 
does not destroy the first: the city is the ensemble of 
differences between cities”, to complete with yet 
“another definition, of plurality, coexistence and sim-
ultaneity in the urban of patterns, ways of living ur-
ban life.”3 Besides the ultimate complexity, important 
is Lefebvre’s firm emphasis the socio-political es-
sence of the Urban. Lefebvre formulates the right to 
the city as “the right to the oeuvre (participation) and 
appropriation (not to be confused with property but 
use value)”4.  
Investigations of cities intertwine the complexities of 
environmental studies, life- and social sciences. 
Addressing the resulting, ultimate complexity de-
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mands both humility and true interdisciplinarity in 
processes of thinking, making and living the Urban. 
The intention behind this essay (written in the way 
which makes it as improbable at the science and 
technology conference as a technology-orientated 
paper would be in sociological or urbanistic milieu) is 
to initiate discussion about such practices. An over-
arching aim is to help establish research-based ar-
guments for true interdisciplinarity in the fields of 
urban research and practice.  
 

SOCIO-POLITICAL BACKGROUND  
Unsustainable disciplinary fragmentation of 
knowledge is at the core of dominant, but outdated 
epistemological and development paradigm. In 
broadest terms, that can be related to the latest form 
of capitalism which makes us all critically dependent 
on the global flows of capital and other manifesta-
tions of power. That is the condition of globalisation 
which we all live. Globalisation also needs to be 
seen as simultaneously process and political project, 
“a strategy of global economic and political expan-
sion […] to open up new markets and sources or 
labour and materials under the ideologies of free 
trade and neo-liberalism”5. The power structures of 
that order favour development based on the princi-
ples of the “free” market economy, proclaiming it an 
ideology without alternatives. In 1967 Guy Debord, 
summed up the essence of that condition, process 
and project as The Society of the Spectacle6, “the 
autocratic reign of the market economy which had 
acceded to an irresponsible sovereignty, and the 
totality of new techniques of government which ac-
companied this reign”. Twenty years later, in 1988 in 
The Comments on the Society of the Spectacle he 
could only add how, by then, “the spectacle has 
spread itself to the point where it […] permeates all 
reality”, giving a penetrating diagnosis and verdict 
“that the globalisation of the false was also the falsi-
fication of the globe”7. What to add to that in 2018, 
another thirty years on? With reality shows replacing 
realities, the globalisation of the false has, indeed, 
falsifisified and conquered the globe. 
The reduction of complexity, eventually, amounts to 
preparation for sale. Elaborating his favourite theme, 
Harvey reminds us that “it is in the nature of capital 
to […] the drive towards universal exchangeability 
[…] (which) entails the creation of a universal equiva-
lent. […] The completion of this process depends on 
the removal of all barriers to trade”8 (our italics). Eve-
rything that finds itself in the path of that profit-
making engine has to be crushed – historically, first 
by imperialism and later by more (or less) sophisti-
cated ways of spreading domination. Nancy points at 
“general reabsorption of all possible values into this 
value” and stresses that here “the word value should 
not make us think of those idealist entities that were 

and for some still are ‘values’ […] Meaning here is 
reduced, since it is fixed in place, registered, repre-
sented […] This is the law of our civilization: The 
incalculable is calculated as general equivalence” - 
monetary, of course. (our italics). 
Globalisation which celebrates competition over 
more sophisticated ways of interaction encourages 
fierce competition between cities10. From the com-
peting elites, jubilant Society of the Spectacle de-
mands evidence of (a particular kind of) quality. By 
awarding some trends of urbanisation over the other, 
the Spectacle establishes claims its own success. 
Because of that, evaluation of urban quality has 
developed into a discrete, profitable market of re-
search methods, tools and indices, all of which com-
pete to measure11. Many of those predictably confirm 
how precisely the ruling economic model makes 
cities successful, world-class, global, livable, power-
ful and smart. Such indices proclaim the winners and 
losers in the game of social Darwinism-gone-global. 
They facilitate copying and cloning of “quality” and 
“success” and, sadly, prove Debord’s point about 
falsification of the globe. 
While in the city of the Spectacle, reduction to profit 
is inevitable, real urbanity denies the prospect of 
easy (economic) “fix”, (political) “deal”, or (software) 
“app” solutions. When dealing with real people, real 
cultures and concrete geographies one can not 
simply “click to save everything”12.  
 
THE NEED FOR A PARADIGM SHIFT 
The necessary change of the dominant but critically 
unsustainable development pattern demands para-
digm-breaking research and innovation. In his Struc-
ture of Scientific Revolutions in 1967 Kuhn explained 
that we tend to operate from within a dominant para-
digm, which determines the very nature of the ques-
tions asked and problems posed, and how in con-
structing a new paradigm, we cannot use the tools 
developed by the old paradigm, because even the 
questions asked were – the wrong questions13.  
New paradigms always emerge when the “anomalies 
arise that the normal science is unable to deal with”14 
(our italics). Having reached its tipping point, neo-
liberalism started investing in conceptual flattening 
and simplification of the world15, in simplistic (alt-
hough in technological terms increasingly complex) 
know-how and banal solutionism16, aiming to avoid 
the critique of the roots of crises affecting us all17. 
Such reductionism is used to, in simplest terms, 
prop-up and an outdated paradigm and perpetuate 
its rule18. Yet, “the world including its structures is not 
simply technically complex. That is, events and pro-
cesses are not simply complex in the sense that they 
are technically difficult to grasp”19. 
There is no grand conspiracy behind that. Outdated 
paradigms are structurally incapable of seeing and 
changing their own strategies and rules. Current 
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paradigm clings to life by imposing its rules upon all 
aspects of life, including science, by controlling the 
questions it funds. “Much of science, especially prior 
to the letter part of the twentieth century, adopted 
strategies involving reductive explanations designed 
to simplify the many complexities of nature, in order 
to understand them”20. That logic is being defended 
and is kept in place far beyond its use-by date. 
But the complexity of the Urban parallels and sur-
passes that of life- and social sciences. From the 
perspective of social sciences, Low introduces the 
crucial point that there “events and processes […] 
necessarily exceed our capacity to know them. The 
world is not to be understood in general by adopting 
a methodological version of auditing”21. 
In urban studies, Lefebvrian “residual”22 is a value 
which escapes the net of the Spectacle, the one 
which can not be commodified and which, as such, 
gets ostracized. There we indeed need to ask: “If 
much of the world is vague, diffuse or unspecific, 
slippery, emotional, ephemeral, elusive or indistinct, 
changes like a kaleidoscope, or doesn't really have 
much of a pattern at all, then where does this leave 
social science? How might we catch some of the 
realities we are currently missing? Can we know 
them well? Should we know them? Is 'knowing' the 
metaphor that we need? And if it isn't, then how 
might we relate to them?”23 (our italics).  
Addressing such questions aims at nothing less than 
the totality, oeuvre, that proverbial “supreme work, 
the work of works”24. The complexity of issues to be 
addressed demands fittingly complex methods. 
  
SENSUALITY AND PLEASURE 
The concept of Sustainable, Smart and Sensuous 
Settlements, understood as an open framework for 
critical thinking, has the capacity to generate new 
(kinds of) questions. Those four terms need proper 
definition. This paper points at some key ingredients.   
Since its forceful introduction in the 1970s, a para-
digm-changing concept of sustainable (urban) de-
velopment has been gradually eroded by uncritical 
incorporation in the political jargon, fragmentation 
and reduction to sectorial and disciplinary problem-
solving practices, trivial technological “fix”. The con-
cept of smart urban development, which has marked 
the (calendar) opening of the 21st century was, from 
the outset, appropriated by politically sanitized, nar-
rowly techno-centric approaches and reduction to 
mere solutionism. The “Smart City” dogma deals 
almost exclusively with management, efficiency and 
control of urban spaces and practices. Being mono-
disciplinary, it remains unable to address the core 
issues behind the crises we experience today. To 
(re)gain credibility, the concepts of sustainable and 
smart development need to be carefully redefined 
and, in the spirit of true interdisciplinarity, dialecti-
cised within the broader inquiry into the quality of life. 

In this essay we deliberately discuss urban rather 
than generic human settlements, in order to avoid 
the loss of meaning similar to what has happened to 
the concept of sustainability. The Urban possess 
critical charge of the constituent, individual zoon 
politikon, the politically awaken citizen and her/his 
social associations - the spatial projection of which is 
city; an (ideal of) democratic city. The political di-
mension, the non-competitive being-with and the 
sense of community are central to the Urban and 
constitute the greatest threat to the Spectacle. 
Having seen how the idea(l)s of “sustainable” and 
“smart” development became appropriated, sanitized 
and tamed, it is of fundamental importance not to let 
the same to happen to the ultimate complexity of 
human being itself, to our sensual selves. 
Why is sensuality so subversive? The Spectacle 
claims to be able to sell it. The packaged trips and 
views, exotic beaches and palms, balms and aromas, 
spices, and even real, sexualised human bodies are 
branded as “sensual experiences”, but true sensuali-
ty, complex knots of feelings, emotions and diverse 
knowledges (or, as Serres prefers - sapience) resist 
banalisation. With a very good reason our feelings 
remain “always hidden, like all mental image neces-
sarily are, unseen to anyone other than the rightful 
owner, the most private property of the organism in 
whose brain they occur”25 (our italics). That is be-
cause our basic survival instincts make the most 
intimate realms of our being in the world particularly 
resistant. Serres, the philosopher of senses adds: “I 
know or understand through my skin, as fine as any 
iris or pupil, and they in turn as fine as intuition, in a 
bath of sounds or noises, anharmonic. I understand 
or know through sapience […] and through sagacity, 
intuition at last regaining its cognitive dignity; but I 
apprehend and conceive also through my muscles 
and joints, my bones becoming transparent, my 
stance off-balance in the hurly-burly of the world, an 
attentive and flexible posture - the rhythm of my 
heart and the tunic of my arteries beating against its 
rocky obstacles”26. 
But, recent technological advancements are aiming 
to unpack (in order to “re-package”) precisely such, 
precious realities. The breach into our innermost 
privacy would amount to ultimate reduction of human 
beings, and that is a bridge too far, an ethical frontier 
never to be breached. 
The regained essence of being human and being 
urban are the necessary (but not sufficient) ingredi-
ents for the much needed (urban) paradigm shift. 
 
URBAN WATERS AND THEIR PLEASURES 
That means reclamation of overlooked and forbidden 
sapience, including those of the body and their inclu-
sion into thinking, making and living cities. 
To illustrate that, here we refer to only one theme - 
that of the water (in the city). It is not necessary to 
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expand on the importance of water for human life, 
biological, physiological and other existential aspects, 
such as social rituals, needs to play, enjoy and expe-
rience pleasure. In contact with water, as in all other 
contacts with the world, “our body, warm, powerful, 
resistant and therefore hard, an object on the entrop-
ic scale, mingles its hardness with the softness of 
small-scale energies”27. 
What makes a certain body of water “urban”; its loca-
tion, or the capacity to get engaged with it? 
 
Waterside snapshot I 
One of our sub-projects investigates Tokyo Olympic 
projects and recent watersides developments in 
Koto-ward, from the point of view of interaction be-
tween the citizens and water. Many Olympic facilities 
and venues are located near or next to the water. 
While designers of artificial islands and riverside 
redevelopment projects make considerable efforts 
towards better design, the focus seems to be mainly 
on foreign visitors, overseas “best practice” and 
combining them with stringent local safety rules.  
Tokyo is not famous for its waterfronts. In this city 
water tends to be reduced to utilitarian, almost ex-
clusively economic usage, while the edges could be 
described as spatial expression of fear, designed 
only to curtail floods and contain tsunami. Our re-
search has identified 55 new waterfront sections in 
the subject area, which can be classified in 15 types. 
Not a single of those cases was designed to allow, 
let alone encourage physical contact with water.  
Gehl’s evaluation criteria for quality of urban spaces 
define three interrelated dimensions of quality: pro-
tection, comfort and delight28. Feeling protected 
makes us seek comfort; once comfortable and re-
laxed, we are able to enjoy, and start demanding 
pleasure. The waterfronts explored in our project 
show technical competence in making environments 
safe (to satisfaction of urban managers); they in-
clude many elements of comfort (to the liking of de-
signers) but no ability (or possibility?) to create the 
spaces of enjoyment.  

 
Fig.1. Hisamu Yamamori, Hiroshige 05, 2018, analysis  
 

Japanese society is notoriously risk-averse. There 
are many reasons or justifications for extreme avoid-
ance of risks They related to both natural conditions 
(location at one of the most active geological faulti-
ness) and social conditions (ranging from the long 
history of control, to present emphasis on ubiquitous 
control and seamless functioning of everything, 
along with global trends of alienation in the overde-
veloped world). The risk-aversion is also embedded 
in regulations which, while enabling safety often 
cause irreparable cultural loss. The claim that new 
waterfronts are “very Japanese” could be interpreted 
as both true and false.  
In addition to our investigation of the latest waterfront 
developments in Tokyo, we have focused at some 
historic examples. As there is not much of physical 
heritage left, we explored visual depictions of Edo, 
recorded in Hiroshige’s famous ukiyo-e engravings. 
Of overall 119 views, 93 capture watersides. As his 
focus was on Tokyo rather than waterscapes, that 
confirms significant orientation of the city towards the 
Bay, rivers and canals. 43 of those 93 images show 
physical interaction with water, and can be organised 
in 5 types. The watersides show high level of visibil-
ity and accessibility, with significant presence of 
commercial facilities. Those waterfronts of Edo do 
not look unsafe (with various levels of caution), they 
were comfortable (enough) and, by providing access, 
they offered the potential and even the enticement to 
have fun and enjoy. 
One can conclude that, while historic examples show 
simple but rich interaction between Edoko and water, 
the contemporary examples offer a wide range of 
design variations, but no possibility for interaction 
with water. Access is reduced to utilitarian and emer-
gency purposes only. The diversity of activities is not 
related to that of the layouts, but to the level of free-
dom of access and use, which could be related to 
the Lefebvrian right to the city (although kookyo was 
never equivalent to public space29). 
Tokyo, thus, offers a drastic example of historic dis-
continuity. Important for our discussion is the fact 
that the loss of interaction with water and associated 
pleasures coincides with the rise of techno-industrial 
character of Japan and submission to the Spectacle. 

 
Fig.2. Hidenobu Jinnai, Odaiba, Ebara Shrine Festival 
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Waterside snapshot II 
The Spectacle, obviously, faces an immense difficul-
ty to address pleasure. As Lefebvre explains, the 
subversive layers of residual can never be extermi-
nated. In Tokyo, the freedom of expression in open 
spaces was reduced to festivals, the moments in 
which Edo spirit comes alive30. The work of Jinnai 
confirms that the watery sensuality of Tokyo is still 
there, under the harsh managerial surfaces of effi-
ciency and control31. 
 
Waterside snapshot III 
Another of our studies focuses at sensuality of life at 
urban beaches. The cries of excitement and pleas-
ure at the local Gusar beach in Split, Croatia defy 
standard research practices and invite their intertwin-
ing with artistic inquiry. The children of various age, 
adolescents, adults, mainly locals but also visitors, 
most recently even occasional foreign tourists (and 
researchers, we admit) gather on a simple, concrete 
apron which was designed to accommodate the 
rowing boats, not the beach. Children playing, older 
boys and girls chasing each other (not yet knowing 
why), parents and grandparents gossiping, others 
reading in silence, burning in the sun, or floating in 
the warm Adriatic Sea, the surface of which on hot 
summer days becomes a veritable piazza of talking 
heads. All that confirms how “the body is far from 
behaving as a simple passive receptor. […] It loves 
movement, goes looking for it, rejoices on becoming 
active, jumps, runs or dances, only knows itself, 
immediately and without language, in and through its 
passionate energy. It discovers its existence when its 
muscles are on fire, when it is out of breath - at the 
limits of exhaustion”32. Gusar is a public school and 
exposition of the pleasures of life. 

 
Fig.3. Davisi Boontharm, Gusar 2017, watercolour 
 
Waterside snapshot IV 
The city of Mostar, Bosnia and Herzegovina, its 
Neretva river, the iconic Stari most (Old Bridge). A 
tradition of daring dives into the cold mountain 
stream. An urban practice specific to that city, to that 
bridge, to that spot at the southern side of its beauti-

ful arch. An undiluted authenticity. The tradition as 
old as the bridge itself. The first daredevil from Mo-
star must have not waited long to test and show his 
courage. The body of the jumper, up there; his deep 
breath, which suspends the breathing of all viewers 
(there are always people on the bridge); arms wide-
spread; then - a flight! … A moment later, the head 
emerges from emerald waters of Neretva. An ex-
traordinary peak in everyday life of everyone there.  
(For a long moment we all feared that the jumps will 
never continue, but the love story between Neretva 
and its Stari most had to continue33). 

 
Fig.4. Darko Radović, The flashback of a dive, 2018, ink 
 
HOW (NOT) TO PLAN AND DESIGN THE SPACES OF JOY 
How to keep on producing spaces that could match 
smartness and sensuality of Edo, Mostar and Split?  
Current efforts towards better design tend to be driv-
en by technological advancements, which seek to 
solve problems within the system. The “Smart Cities” 
agenda, for instance, is all about innovation, but 
within the ruling paradigm, which means at techno-
logical fix and management levels only. The client, 
the Spectacle itself, wants generalisable results, in 
hope that success can be repeated and monetized. 
(Un)fortunately, “there is no code for pleasure”34. And, 
we dare to argue - such code will not, not it should 
exist. Approaches advocated in this essay are in 
opposition to such reductionism. They demand true 
interdisciplinarity and direct involvement, which em-
phasises complex methods, activation of latent so-
cial energies and use of diverse knowledges embod-
ied in the citizenry. The ways advocated here are in 
the search of lost authenticity, the seeds of which 
thrive, suppressed, on the margins of the Spectacle.  
The Spectacle projects itself onto space forcefully. 
Those projections tend to be generic, as the project-
ed power itself is global. Despite all efforts, Star-
bucks cafés remain, in essence, same everywhere, 
in the same way as one MacBook is the same as all 
MacBooks in the world are. On the other hand, the 
cities are the projections of societal totality in space, 
where each and every part and moment of the pro-
jection contain (the capacity for) immeasurable dif-
ference, which comes from the complexity of multi-
plied lived experiences, the Lefebvrian vécu.  



107
 

Waterside snapshot II 
The Spectacle, obviously, faces an immense difficul-
ty to address pleasure. As Lefebvre explains, the 
subversive layers of residual can never be extermi-
nated. In Tokyo, the freedom of expression in open 
spaces was reduced to festivals, the moments in 
which Edo spirit comes alive30. The work of Jinnai 
confirms that the watery sensuality of Tokyo is still 
there, under the harsh managerial surfaces of effi-
ciency and control31. 
 
Waterside snapshot III 
Another of our studies focuses at sensuality of life at 
urban beaches. The cries of excitement and pleas-
ure at the local Gusar beach in Split, Croatia defy 
standard research practices and invite their intertwin-
ing with artistic inquiry. The children of various age, 
adolescents, adults, mainly locals but also visitors, 
most recently even occasional foreign tourists (and 
researchers, we admit) gather on a simple, concrete 
apron which was designed to accommodate the 
rowing boats, not the beach. Children playing, older 
boys and girls chasing each other (not yet knowing 
why), parents and grandparents gossiping, others 
reading in silence, burning in the sun, or floating in 
the warm Adriatic Sea, the surface of which on hot 
summer days becomes a veritable piazza of talking 
heads. All that confirms how “the body is far from 
behaving as a simple passive receptor. […] It loves 
movement, goes looking for it, rejoices on becoming 
active, jumps, runs or dances, only knows itself, 
immediately and without language, in and through its 
passionate energy. It discovers its existence when its 
muscles are on fire, when it is out of breath - at the 
limits of exhaustion”32. Gusar is a public school and 
exposition of the pleasures of life. 

 
Fig.3. Davisi Boontharm, Gusar 2017, watercolour 
 
Waterside snapshot IV 
The city of Mostar, Bosnia and Herzegovina, its 
Neretva river, the iconic Stari most (Old Bridge). A 
tradition of daring dives into the cold mountain 
stream. An urban practice specific to that city, to that 
bridge, to that spot at the southern side of its beauti-

ful arch. An undiluted authenticity. The tradition as 
old as the bridge itself. The first daredevil from Mo-
star must have not waited long to test and show his 
courage. The body of the jumper, up there; his deep 
breath, which suspends the breathing of all viewers 
(there are always people on the bridge); arms wide-
spread; then - a flight! … A moment later, the head 
emerges from emerald waters of Neretva. An ex-
traordinary peak in everyday life of everyone there.  
(For a long moment we all feared that the jumps will 
never continue, but the love story between Neretva 
and its Stari most had to continue33). 

 
Fig.4. Darko Radović, The flashback of a dive, 2018, ink 
 
HOW (NOT) TO PLAN AND DESIGN THE SPACES OF JOY 
How to keep on producing spaces that could match 
smartness and sensuality of Edo, Mostar and Split?  
Current efforts towards better design tend to be driv-
en by technological advancements, which seek to 
solve problems within the system. The “Smart Cities” 
agenda, for instance, is all about innovation, but 
within the ruling paradigm, which means at techno-
logical fix and management levels only. The client, 
the Spectacle itself, wants generalisable results, in 
hope that success can be repeated and monetized. 
(Un)fortunately, “there is no code for pleasure”34. And, 
we dare to argue - such code will not, not it should 
exist. Approaches advocated in this essay are in 
opposition to such reductionism. They demand true 
interdisciplinarity and direct involvement, which em-
phasises complex methods, activation of latent so-
cial energies and use of diverse knowledges embod-
ied in the citizenry. The ways advocated here are in 
the search of lost authenticity, the seeds of which 
thrive, suppressed, on the margins of the Spectacle.  
The Spectacle projects itself onto space forcefully. 
Those projections tend to be generic, as the project-
ed power itself is global. Despite all efforts, Star-
bucks cafés remain, in essence, same everywhere, 
in the same way as one MacBook is the same as all 
MacBooks in the world are. On the other hand, the 
cities are the projections of societal totality in space, 
where each and every part and moment of the pro-
jection contain (the capacity for) immeasurable dif-
ference, which comes from the complexity of multi-
plied lived experiences, the Lefebvrian vécu.  

 

Good cities and urban spaces are continuously pro-
duced by the people, never for the people. They are 
processes, not products. The citizens and communi-
ties get critically involved in these processes, seek-
ing their rights. On the other hand, the consumers 
buy products, and get their safety and comfort (to the 
level which they can afford). Citizenship implies indi-
vidual responsibility, consumerism obedience. 
In simplest terms: we do know how to think, make 
and live the places of enjoyment, but production of 
such spaces gets hampered precisely by reliance on 
the “best practice” and efforts to clone success. As 
Lefebvre wrote, “utilitarianism, the calculation of 
pleasure based on English empiricism […] assumes 
that pleasure and enjoyment unfold and develop 
according to a program. It mechanizes the essence 
of pleasure by quantifying it”35. That is detrimental to 
quality of human life. For those reasons, our work 
rejects reduction to algorithm (even when possible).  
When talking about a single person, no algorithm 
can capture the innermost, the sapience, without 
reduction. What, then, about whole communities and 
cities, made and lived by millions of free individuals? 
We have become very good at making algorithms 
but, at the same time, we have lost the sapience of 
making our cities humane. “The space of enjoyment 
cannot provide a ready-made, consumable form of 
enjoyment. And consequently neither can it provide 
the utopia of ‘productivity’ of enjoyment”36. 
We still know how to initiate places of enjoyment. For 
doing that we might need some new methods - or 
not. An incessant drive towards “novelty” is integral 
part of the Spectacle which needs news, even when 
Twitter-sized. But we should be reminded that our 
bodies still contain the same percentage of water as 
those of our fathers, as bodies of the architect of 
Stari most, Mimar Hajrudin or Hiroshige. Our needs 
are, also, not much different than their needs.  
The same applies to urbanism. We have no reasons 
to believe that spaces of Florence or Kyoto would be 
more beautiful or make life more enjoyable if their 
design used technological might of the 21st century. 
But, we do have all reasons to believe that copying 
what was successful in Florence or Kyoto would 
end-up as a total fiasco. Both cities and citizens are 
framed by precious, human limits, which include 
uniqueness and the capacity to be authentic. The 
progress of cultures is neither simple nor linear. 
 
POST SCRIPTUM: PLACING TECHNOLOGY 
The title of one of the earliest and most significant 
books about sustainable development encapsulates 
the key requirement of the new development para-
digm - The Limits to Growth37. Meadows and others 
offer clear argument in favour of differentiated, 
measured growth over unsustainable, undifferentiat-
ed growth patterns. Their work inspired rich research 
and theoretical advancements towards a new gov-

ernance of social and individual action, which needs 
to be framed by not only social but also ecological 
limits37. Recognising dangers of fresh thought, domi-
nant economic paradigm responded by elevating the 
Spectacle to what Guy Debord immediately recog-
nised as an irresponsible sovereignty. It produced 
new techniques of government to accompany that 
power and prevented new values from taking roots.  
Power needs to be coupled with responsibility. New 
questions need ethical limits, including those to the 
advancements and application of technology.  
In terms of urban development, limits need to be 
critically defined by local conditions, the sensibility of 
eco-cultural niches which favour meaningful (places) 
over generic (spaces), with ethics of cooperation 
placed over that of competition. The return to the 
complexities of place has to include proper placing of 
technology, positioning where it can provide common 
good. The power of technology needs to be informed 
and directed by true interdisciplinarity and socio-
environmental responsibility, ethics of generic and 
contextual constraints, and democratic control. When 
imaging better communities and illustrating the com-
plexity of such socio-cultural assemblages, Nancy 
talks about the importance of “the nonequivalence of 
all singularities: those of persons and moments, 
places, gestures of a person, those of the hours of 
the day or night, those of words spoken, those of 
clouds that pass, plants that grow with a knowing 
slowness. This nonequivalence exists by the atten-
tion brought to these singularities—to a color, to a 
sound, to a smell. The contemplation of cherry trees 
in flower, that ceremony called hanami in Japanese 
and that is rightly famous throughout the world, or 
else a glance at the brilliance of a precious stone - 
whose “price” is not its cost - as well as the final 
sonority of Nun by Helmut Lachenmann, whose title 
means “now” - a sonority that is that of the k in the 
word Musik”39. 
In order to comprehend the depth of such vision, we 
should recognise that there is something important to 
- unlearn. That brings us back to the notion of sen-
suality, and subversive insights which it provides. As 
the self-declared enophiliac Igor Mandić reminds, 
“for both love and wine one needs time”40. There are 
about two hundred diverse aromas of wine, he says, 
and what matters are the variations in colour and 
purity, fluidity, intensity of its aroma, the elegance of 
taste and harmony41. But still, “long cultivation of all 
senses which are necessary for development of an 
understanding of wine, in the end, is not confined to 
degustation.  Wine is not to be drunk only by mouth, 
but also with a heart and soul”42. We, then, need to 
also admit that while “we know how to build ma-
chines that talk, we do not know how to build robots 
that can drink or taste. A tongue can become artificial, 
intelligence frequently does, but sapience never 
does”43. 
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Technology … A word of caution here is ancient: “the 
line between poison and medicine is very fine; the 
Greeks used the word pharmacon for both”44, “be-
cause […] learning does not consist only of knowing 
what we must or we can do, but also of knowing 
what we could do and perhaps should not do”45. 
Technology - perfect servant, a terrible master. 
 
References 
1. de Certeau, M. The Practice of Everyday Life, 

Berkeley: Unv. of California Press, pp.91, 1984 
2.  Lefebvre, H., Metaphilosophy, London, New York: 

Verso, pp.241, 2016 
3. Lefebvre, H., Writings on Cities, Cambridge, MA: 

Blackwell, pp.173-174, 1996 
4.  Lefebvre, H., ibid. pp.109, 1996 
5. Harvey, D., A Brief History of Neoliberalism, Ox-

ford: Oxford University Press, 2005 
6. Debord, G., The Society of the Spectacle, New 

York: Zone Books, pp.9, 1999 
7. Debord, G., Comments on the Society of the 

Spectacle, London: Verso, pp.10, 1998 
8.  Harvey, ibid., pp.159, 2005 
9. Nancy, J-L., After Fukushima, New York: Fordham 

University Press, pp.31, 2015 
10. Radovic, D. “World City Hypothesis Revisited,” in 

World Cities and Urban Form. Jenks, M. et al. 
eds., Abingdon: Routledge, 2008 

11. Measuring the non-Measurable, research project 
conducted at Keio University, 2001-14 

12.Morozov, E., To Save Everything, Click Here, 
New York: Public Affairs, 2013 

13. Kuhn, T., The Structure of Scientific Revolutions, 
Chicago: The University of Chicago Press, 1996 

14. Kuhn, ibid. pp. 52-53, 1996 
15. Mitchell, S.D., Unsimple Truth, Science, Com-

plexity, Policy, Chicago: U. Chicago Press, 2009 
16. Morozov, ibid. 
17. Piketty, T., Capital in the 21st century, Cambridge, 

London: Belknap Press, Harvard University, 2014 
18. Mason, P., Postcapitalism, A Guide to Our Future, 

Penguin, 2017 
19. Low, J., After Method, Mess in social science 

research, Albingdon: Routledge, pp.6, 2004  
20. Mitchell, ibid., pp.1 ,2009 
21. Low, ibid., pp.6, 2004 
22. Lefebvre, H., Metaphilosophy, London, New 

York: Verso, pp.11, 2016 
23. Low, ibid., pp.2, 2004 
24. Lefebvre, ibid., pp.241: 2016 
25. Damasio A., Looking for Spinoza: Joy, Sorrow, 

the Feeling Brain, Orlando: Harcourt, p. 28, 2003 
26. Serres, M., The Five Senses. philosophy of min-

gled bodies, London: Continuum, pp.325, 2008 
27. Serres, ibid., pp.115, 2008 
28. Gehl, J. Cities for People, Washington, Covelo, 

London: Island Press, pp. 299, 2010 

29. Radović, D., “The Street and Democracy, Japa-
nese Style”, in Contesti, No 1, 2016, pp. 146-167 

30. Radović, “Memories”, in My Tokyo 1953-2013, 
Stuttgart: Edition Esefelf &Traub, pp. 43-47, 2013 

31. Jinnai, H., Tokyo, A Spatial Anthropology, Berke-
ley: University of California Press, 1995 

32. Serres, ibid., pp.314, 2008 
33. Radović, D., “Right to the City - on bridges and 

the essence of public life”, in Intentcity, Mel-
bourne: Architects for Peace, pp. 7-29:2010 

34. Lefebvre, H., Toward Architecture of Enjoyment, 
Minneapolis: U. of Minnesota Press, p. 50, 2014 

35. Lefebvre, H., ibid. pp. 69: 2014 
36. Lefebvre, H., ibid. pp. 86: 2014 
37. Meadows, Meadows et al. Limits to Growth. 

Signet Publishers, 1972 
38. Low N., Gleeson B., Green R., Radović D., 

The Green City: Sustainable Homes, Sustain-
able Suburbs, Sydney, Abingdon: UNSW 
Press, Routledge, 2005 

39. Nancy, ibid., pp.28, 2015 
40. Mandić, I., Ekstaze i mamurluci, Zagreb: August 

Cesarec, pp.19, 1989 
41. Mandić, I., ibid. pp.33, 1989 
42. Mandić, I., ibid. pp.14, 1989 
43. Serres, M., ibid. pp.175, 2008 
44. Eco, U., The Name of the Rose, San Diego: 

Harcourt Brace Jovanovich, pp.107-108, 1980 
45. Eco, U., ibid. pp.97, 1980 



109
 

Technology … A word of caution here is ancient: “the 
line between poison and medicine is very fine; the 
Greeks used the word pharmacon for both”44, “be-
cause […] learning does not consist only of knowing 
what we must or we can do, but also of knowing 
what we could do and perhaps should not do”45. 
Technology - perfect servant, a terrible master. 
 
References 
1. de Certeau, M. The Practice of Everyday Life, 

Berkeley: Unv. of California Press, pp.91, 1984 
2.  Lefebvre, H., Metaphilosophy, London, New York: 

Verso, pp.241, 2016 
3. Lefebvre, H., Writings on Cities, Cambridge, MA: 

Blackwell, pp.173-174, 1996 
4.  Lefebvre, H., ibid. pp.109, 1996 
5. Harvey, D., A Brief History of Neoliberalism, Ox-

ford: Oxford University Press, 2005 
6. Debord, G., The Society of the Spectacle, New 

York: Zone Books, pp.9, 1999 
7. Debord, G., Comments on the Society of the 

Spectacle, London: Verso, pp.10, 1998 
8.  Harvey, ibid., pp.159, 2005 
9. Nancy, J-L., After Fukushima, New York: Fordham 

University Press, pp.31, 2015 
10. Radovic, D. “World City Hypothesis Revisited,” in 

World Cities and Urban Form. Jenks, M. et al. 
eds., Abingdon: Routledge, 2008 

11. Measuring the non-Measurable, research project 
conducted at Keio University, 2001-14 

12.Morozov, E., To Save Everything, Click Here, 
New York: Public Affairs, 2013 

13. Kuhn, T., The Structure of Scientific Revolutions, 
Chicago: The University of Chicago Press, 1996 

14. Kuhn, ibid. pp. 52-53, 1996 
15. Mitchell, S.D., Unsimple Truth, Science, Com-

plexity, Policy, Chicago: U. Chicago Press, 2009 
16. Morozov, ibid. 
17. Piketty, T., Capital in the 21st century, Cambridge, 

London: Belknap Press, Harvard University, 2014 
18. Mason, P., Postcapitalism, A Guide to Our Future, 

Penguin, 2017 
19. Low, J., After Method, Mess in social science 

research, Albingdon: Routledge, pp.6, 2004  
20. Mitchell, ibid., pp.1 ,2009 
21. Low, ibid., pp.6, 2004 
22. Lefebvre, H., Metaphilosophy, London, New 

York: Verso, pp.11, 2016 
23. Low, ibid., pp.2, 2004 
24. Lefebvre, ibid., pp.241: 2016 
25. Damasio A., Looking for Spinoza: Joy, Sorrow, 

the Feeling Brain, Orlando: Harcourt, p. 28, 2003 
26. Serres, M., The Five Senses. philosophy of min-

gled bodies, London: Continuum, pp.325, 2008 
27. Serres, ibid., pp.115, 2008 
28. Gehl, J. Cities for People, Washington, Covelo, 

London: Island Press, pp. 299, 2010 

29. Radović, D., “The Street and Democracy, Japa-
nese Style”, in Contesti, No 1, 2016, pp. 146-167 

30. Radović, “Memories”, in My Tokyo 1953-2013, 
Stuttgart: Edition Esefelf &Traub, pp. 43-47, 2013 

31. Jinnai, H., Tokyo, A Spatial Anthropology, Berke-
ley: University of California Press, 1995 

32. Serres, ibid., pp.314, 2008 
33. Radović, D., “Right to the City - on bridges and 

the essence of public life”, in Intentcity, Mel-
bourne: Architects for Peace, pp. 7-29:2010 

34. Lefebvre, H., Toward Architecture of Enjoyment, 
Minneapolis: U. of Minnesota Press, p. 50, 2014 

35. Lefebvre, H., ibid. pp. 69: 2014 
36. Lefebvre, H., ibid. pp. 86: 2014 
37. Meadows, Meadows et al. Limits to Growth. 

Signet Publishers, 1972 
38. Low N., Gleeson B., Green R., Radović D., 

The Green City: Sustainable Homes, Sustain-
able Suburbs, Sydney, Abingdon: UNSW 
Press, Routledge, 2005 

39. Nancy, ibid., pp.28, 2015 
40. Mandić, I., Ekstaze i mamurluci, Zagreb: August 

Cesarec, pp.19, 1989 
41. Mandić, I., ibid. pp.33, 1989 
42. Mandić, I., ibid. pp.14, 1989 
43. Serres, M., ibid. pp.175, 2008 
44. Eco, U., The Name of the Rose, San Diego: 

Harcourt Brace Jovanovich, pp.107-108, 1980 
45. Eco, U., ibid. pp.97, 1980 

Tomorrow of biospheric compatibility of cities - the sub-
ject of education today 

  
Vitaliy I. Kolchunov1*, Sergey S. Fedorov2*, Polina S. Fedorova3*  

  
1 Department of unique buildings and structures, doctor of technical Sciences, Professor, 

Southwest State University, Kursk, Russia, (asiorel@mail.ru) 

2 Department of Information systems, technology and automation in construction, assistant 
professor, Moscow State of Civil Engineering, Moscow, Russia, (fedorovss@mgsu.ru) 

3 Bachelor of foreign regional studies, Oryol State University named after I.S.Turgenev, 
Oryol, Russia, (psfedorova@list.ru ) 

  
Abstract:  The content of educational and professional standards in "Construction" and "Urban planning" is analyzed. The 
retrospective of educational reforms in civil engineering and urban planning at high educational institutes of Russia on 
multilayer basis is given. The scheme of modern educational model realisation in field of civil engineers and urban planners 
teaching is suggested in the article. This model takes to count requirement of professional and educational standards and 
harmonizes competencies set and labor functions of construction branch specialists. The analysis and assessment of 
realising model efficiency on the basis of general paradigm and principles of city transformation to biosphere-compatible 
environment, that develops a person, is given. It is shown that purposes of civil engineers and urban planners teaching at 
professional and educational standards are not always unified by the general idea of territory development program creat-
ing, that would counts technical, social, environmental and economic factors. It is emphasized that modern educational 
and professional standards don't reflect the paradigm of biosphere-compatible technology creating. The insufficient level 
of professional teaching of civil engineers and urban planners is the main reason of many education and construction 
branch problems. One of the direction to increase specialists teaching efficiency is observed in integration of scientific, 
educational and innovational potentials of educational and scientific institutes.. 
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«Education is what remains when all memorize is for-
gotten» D. A. Granin 

INTRODUCTION 
The recent history of the transformation of educational 
standards of higher professional education of Russia 
shows, that in these standards in almost all areas of 
training contains the environmental component and 
there is a kind of concept system approach. At the 
same time in real life, a complex system of socio - bio 
- technosphere, the human environment is constantly 
changing, and in modern conditions of new global se-
curity challenges are becoming more prominent in the 
information environment of society, when the errone-
ous behavior and environmental degradation of the 
picture of life people get used, and his subconscious 
at the level of conscience has long been sounding the 
alarm1-5,9-11. In studies performed in the last decades 
in the Russian Academy of architecture and construc-
tion Sciences (RAASN) a team of scientists under the 
leadership of academician V. I. Il'ichev shown that all 
the problems of the modern city are between the two 
extremes of the separation of nature and degradation 
of human development level. Therefore, the most im-
portant task of ensuring environmental security and 
global security as a whole is possible through the 
achievement of biosphere compatibility of man and 

nature. The principle of the symbiosis of city and na-
ture becomes uncontested for human survival, and 
the principles of transformation of the city into bio-
sphere compatible and developing the person1,7  are 
a priority to increase the educational level of human 
potential as indicators of the intellectual community. 
The need to solve this problem requires adequate 
changes in human consciousness that brings to the 
fore problems of ecological education, upbringing and 
enlightenment. 
  
In Russia vocational education are educational stand-
ards of higher professional education of the so-called 
Phosy transformation which in the last two decades is 
of a permanent character. A famous proverb says: 
want to know something, to pay to its origins, the first 
principle - where it comes from12.  
Over the last two decades in the field of environmental 
education hastily changed the approaches and princi-
ples of the outer shell educational standards. From 
fundamental education, these principles drifted from 
"know how to know" or the so-called competent ap-
proach to the spread of the reality in many areas of 
Russian life that in the educational sphere destroys 
the education and fundamental scientific schools of 
Russian engineering education.  Knowledge is not a 
substitute for competence, and competence is 
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knowledge13.  The declaring principles of the Bologna 
process - a single educational space and free move-
ment of trainees in the landscape of the country's ed-
ucational space or even abroad, in fact became im-
possible in principle for the overwhelming number of 
trainees.  Curriculum for each institution is allowed to 
develop independently.  To ensure the same compe-
tencies, textbooks have become different, the meth-
odology for transferring knowledge and the content of 
this knowledge has been built on a different concep-
tual, methodological and content basis.  And the test 
and rating forms of knowledge control used in some 
universities finally destroyed the basis for fundamen-
tal training of specialists, including environmental spe-
cialists in the architectural, construction and urban de-
velopment spheres. 
If we take as a basis the main thesis voiced at the fifth 
international scientific congress "Globalistics-2017": 
global ecology and sustainable development14 that 
"ensuring global security is the achievement of bio-
sphere compatibility of man and nature", then environ-
mental education is the basis for solving this  prob-
lems should also be built on the principles of bio-
sphere compatibility.  From these positions, we turn to 
the educational standards of higher education in the 
architectural and construction field and, using the 
principles of biosphere-compatible technologies, we 
will analyze the requirements of standards in the field 
of environmental safety.  Let's start with the terminol-
ogy used in the GSSN.  The overwhelming number of 
teachers and sensible people do not support the idea 
that education is a service.  The term "educational 
service" used in educational standards destroys the 
very concept of education, i.e.  an effective millennial 
practice of transferring buildings from teacher to stu-
dent: the student becomes a purchaser of the service, 
and the educator is the seller of this very specific ser-
vice.  It is difficult to imagine that such a form of edu-
cation in the form of a service provides a good level 
of knowledge.  It is possible to cite other terms used 
by the compilers of standards that do not mean any-
thing in relation to education.  The first principle, the 
unity of man and nature, constitutes the foundation of 

the biosphere - compatible safe and developing man 
of the city.  The main vector of this principle is directed 
towards harmony of man and nature so brilliantly was 
demonstrated in the XIVth century on the fresco of the 
Italian artist Ambrogio Lorenzetti (Figure 1) and al-
most not reflected in the standards of education of the 
21st century that the city and the surrounding  nature 
is one-piece, stable and constantly changing system.  
In the city life is in full swing - construction is under 
way, shopkeepers are trading, in the fields are herds 
grazing and grapes are growing.  At the entrance to 
the city gate an allegorical security figure: she is 
young, beautiful, but in her hand holds a small gallows 
with a hanged criminal - a warning to all those who 
can come to a thriving city with bad intentions. 
This main target vector of environmental education is 
not present in modern educational standards.  On the 
basis of this fundamental principle, strategic system 
planning for environmental education should be car-
ried out-training in the fundamental principles of town-
planning, developed in time and space, the mecha-
nism for the functioning of a self-developing city, with 
an emphasis on the formation of a biosphere-compat-
ible safe living environment in it.  The second principle 
of biosphere-compatible technologies is based on the 
duality of the problem of "man and the biosphere".  In 
environmental education, it is necessary to speak 
clearly about scientifically grounded directions for re-
solving the collision of degradation and gradational 
principles.  On the one hand, it is the seizure of natural 
resources and the throwing of human waste into it.  
On the other hand, the negative impact of these 
wastes on nature and man as part of this nature.  The 
resolution of the conflict can be made possible 
through training in the creation of new technologies 
for the city's livelihoods that reduce negative impacts 
on nature and contribute to the restoration of the bio-
sphere's potential7,8,10,15.  Almost the same content in 
all areas of higher professional education VPE envi-
ronmental education, provided by the competence of 
educational standards, it is not possible to provide the 
level of environmental competence of a lawyer, econ-
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knowledge13.  The declaring principles of the Bologna 
process - a single educational space and free move-
ment of trainees in the landscape of the country's ed-
ucational space or even abroad, in fact became im-
possible in principle for the overwhelming number of 
trainees.  Curriculum for each institution is allowed to 
develop independently.  To ensure the same compe-
tencies, textbooks have become different, the meth-
odology for transferring knowledge and the content of 
this knowledge has been built on a different concep-
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cialists in the architectural, construction and urban de-
velopment spheres. 
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the biosphere - compatible safe and developing man 
of the city.  The main vector of this principle is directed 
towards harmony of man and nature so brilliantly was 
demonstrated in the XIVth century on the fresco of the 
Italian artist Ambrogio Lorenzetti (Figure 1) and al-
most not reflected in the standards of education of the 
21st century that the city and the surrounding  nature 
is one-piece, stable and constantly changing system.  
In the city life is in full swing - construction is under 
way, shopkeepers are trading, in the fields are herds 
grazing and grapes are growing.  At the entrance to 
the city gate an allegorical security figure: she is 
young, beautiful, but in her hand holds a small gallows 
with a hanged criminal - a warning to all those who 
can come to a thriving city with bad intentions. 
This main target vector of environmental education is 
not present in modern educational standards.  On the 
basis of this fundamental principle, strategic system 
planning for environmental education should be car-
ried out-training in the fundamental principles of town-
planning, developed in time and space, the mecha-
nism for the functioning of a self-developing city, with 
an emphasis on the formation of a biosphere-compat-
ible safe living environment in it.  The second principle 
of biosphere-compatible technologies is based on the 
duality of the problem of "man and the biosphere".  In 
environmental education, it is necessary to speak 
clearly about scientifically grounded directions for re-
solving the collision of degradation and gradational 
principles.  On the one hand, it is the seizure of natural 
resources and the throwing of human waste into it.  
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omist or urban planner.  The result of such "profes-
sional" knowledge is the ever-increasing consumption 
of natural resources and the ever increasing throw in 
the nature of human waste.  The implementation of 
the third principle - the quantitative socio-natural-tech-
nical system that establishes harmonious proportions 
between the population and various parts of the bio-
technosphere, including the availability and the list of 
seized resources in space and time, with their binding 
to the territory of a city or region is hardly possible with 
a reduction in the overall level of vocational training  
graduates of universities, their ability to set and solve 
complex system problems11,13,17.  The attempts made 
in recent years in Russian engineering education to 
turn advanced engineers of a wide profile into good 
engineers did not lead the country to market ups.  It is 
unlikely that technologies do not add knowledge, 
knowledge technologies embody.  The dramatism of 
the current situation with engineering education is that 
the lifetime of the "competence" that the modern uni-
versity is striving for has become shorter than the term 
of study at the university13.  Technical calculations in 
practice are constantly changing, and their fundamen-
tal technical basis is preserved.  The basic engineer-
ing ideas of the author of the Ostankino tower NV Ni-
kitin for 50 years after its construction are not only ob-
solete, but also acquired a new meaning, for example, 
from the standpoint of the unique survivability of this 
structure, and the technology of designing and erect-
ing this type of objects has changed many times.  
Principle 4 defines the legislative and normative con-
solidation of harmonious proportions of the humani-
tarian balance between different parts of the biotech-
nosphere.  Its practical implementation is the quality 
of normative documents, it is possible only on the ba-
sis of the revival in the new standards of the extremely 
important principles of the triad of the Russian and 
then the Soviet system of engineering education: the 
fundamentality of education-the combination of edu-
cation and engineering education-the practical appli-
cation of knowledge in solving urgent national eco-
nomic tasks.  Principle 5- "Knowledge - as a prerequi-
site for programs for the development of the bio-
sphere compatibility of the city provides for the exist-
ence of a high scientific and technical level of basic 
education that determines the quality of the intellec-
tual and creative potential of the carriers of this edu-
cation. This is a prerequisite for ensuring the develop-
ment and implementation of programs for improving 
the living environment of the city, region and  countries 
as a whole.The new development institutions should 
be based on professionalism, intelligence, reliable in-
formation, and innovation  aimed at eliminating nega-
tive factors.For scientific and technical development it 
is not enough to copy and supplement the engineer-
ing competence of economic and legal. This is possi-
ble where lawyers and economists act as assistant 
talents rather than the evaluators and administrators 

of it. The creation of a harmonious social climate is a 
principle  6, or progress in the educational sphere on 
the basis of previous principles is possible only on the 
basis of the revival of the domestic engineering 
schools.  Holding the managers from the formation of 
pompous events for innovation and, especially, the 
provision of educational "services", the task of quality 
education can not be solved.Scientific schools existed 
and can exist only in the constant creative dialogue 
between the teacher and the student.While from uni-
versities, under various pretexts, for example, the pre-
text of rejuvenation  staff, these most experienced 
teachers, trained in the Soviet era, who are carriers of 
highly professional knowledge, are gradually leaving. 
No set of competences can replace the fundamental 
knowledge, without which there can be no engineer 
with a high engineering culture and culture in the 
broad sense of the word, which is the basis of all hu-
man life activity.  The analysis of the Russian educa-
tional standards of the new generation in the field of 
town planning shows that they, as well as the previ-
ously applied standards, are not united by the com-
mon goal of preparing the fundamentals of biosphere-
compatible technologies, because they are also 
based on a competence approach, these standards 
catch up rather than outstrip  professional standards, 
and the applied knowledge received by graduates will, 
as already noted, grow old before the term of gradua-
tion by the graduate of the university.  Educational 
standards17,18 "remove the tracing paper" from the dis-
eases of the modern city13.  The competences formu-
lated for them on environmental safety for different ar-
eas of training differ little in content.  But can there be 
in principle the same competencies in the field of ecol-
ogy from a lawyer, economist and urban planner?  
One should have a general idea of the problem and 
tasks of environmental safety, the other must have 
fundamental knowledge and be able to respond 
quickly to the constantly improving technologies for 
ensuring this security.  The situation is further aggra-
vated by the fact that the graduates of different uni-
versities required by the standards of competence  are 
provided with the teaching of completely different pro-
fessional disciplines defined by each institution inde-
pendently for the sets of disparate specialists that 
they have.  The lack of systematic and continuity of 
generations seriously hurts the training of engineering 
personnel.  One of the ways to improve the quality of 
architectural and construction education in the frame-
work of the paradigm of the biosphere - compatibility 
of the city of the developing person is seen in the re-
vival of scientific schools, the integration of the scien-
tific, educational and innovative potential of universi-
ties, academic structures and modern high-tech in-
dustries.  Other modern fashionable "services" such 
as the newest technologies of Internet education, a 
set of competencies, a ballroom-rating system for as-
sessing knowledge and pompous managers' activities 
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"for innovation," the task can not be solved.  I would 
like to hope that this understanding will sooner or later 
come to all participants of the educational process. 
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Abstract: 
 The author deals with the problem of urban planning of the new social space of the megapolis in order to involve Hi-Hume 
technologies in this process, which are formed under the decisive influence of information technologies. The actor-network 
approach and the concept of "space of flows" lead  to present social interaction in the aspect of changing the goals and the 
nature of social practices that produce it. The need for reverse social bonds makes it necessary to create an effective 
communication interaction by means of modern architecture and urban planning decisions. Hi-hume technologies are 
presented as ones that provide a certain human behavior to create a harmonic, friendly, and self-sufficient environment. 
The increased sociability of a human being is the subject of philosophical reflection over the interpretation of the new form 
of sociality as essentially communicative. Some types of social practices are analyzed to show a tendency to strengthen 
the hedonistic orientation of social behavior and a deviation from general goals in the behavior of the individuals. At the 
same time, public spaces of a new type are formed, which determine and develop the unity of cognitive and hedonistic 
practices to promote the formation of new communities on the basis of new urban-planning and architectural decisions. 
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Introduction 
The dynamics of the public space is becoming a trend 
in topic of modern research, in the context of the 
transition of the world’s largest cities to the 
postindustrial stage of development,and the change in 
the forms and methods of managing space in the era of 
the information revolution. The public space of a 
modern metropolis can be looked at as a place for 
social interactions and the development of social and 
intercultural communication. Being a form of that 
culture, at the same time it is a platform for the 
formation of new social practices and social groups, 
creating opportunities for predicting social processes. 
Public spaces are important as a "platform for events 
that set up society" [1]. 
Innovations in architecture and civil engineering are the 
technological basis for the creation of the material 
organization of social space. 
The concept of technology is presented in an extremely 
broad sense, proposed in the 1960s by the Polish writer 
Stanisław Lem. Offering his own prediction for the 
development of technologies, he characterizes them as 
means of bringing about certain collectively determined 
goals that have been conditioned by the state of our 
knowledge and our social aptitude [2]. In this sense, 

socio-humanitarian technologies are an important 
element of the management mechanism of the 
individual and the masses of people. Lots of modern 
architectural and urban solutions in the transformation 
of urban space are high-tech. In this paper a distinction 
is made between Hi-Tech and Hi-Hume. 
Hi-Tech was initially associated with the style in 
architecture and design of the last third of the 20th 
century. But then, Hi-Tech gained a new, more relevant 
meaning - which implies using knowledge-based, multi-
purpose technologies capable of producing a chain 
reaction of innovations and having a significant and 
very rapid impact on the socio-cultural sphere and the 
individual [3]. In the first decades of the twentieth 
century, this term was replaced by the abbreviation 
NBIC, or in the European tradition, NBICS (nano-bio-
info-cogno and social-humanitarian technologies), 
which denotes the paradigm of the scientific and 
technological development of the postindustrial society: 
interpenetration, mutual influence of technologies that 
creates the prerequisites for revolutionary technological 
results [4].  
High technologies are able to produce the effects of 
self-organization of socio-cultural systems without the 
possibility of accurately predicting the consequences. 
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In this context, the contrast between Hi-Tech and Hi-
Hume is removed, as social and humanitarian 
technologies serve as a "conduсtor" for the impact of 
technological innovations, changing standards of life, 
cultural attitudes, and behavior patterns. 
 
Methodology 
Using the actor-network approach of Bruno Latour and 
John Law, the city appears as a network object, which 
includes both material and physical objects such as 
people (actants) united in communities and metaphors 
(ideas)- i.e. spiritual constructions. In the resulting 
space of relations, questions about the rigid 
conditionality of processes by one of the listed factors 
are removed. 
The understanding of the network principle proposed by 
Manuel Castells based on the idea of changing forms 
of sociality, going from the space of places to the space 
of flows which is determined by network communication 
and information technologies. That leads to the creation 
of a new social infrastructure that removes the 
traditional separation of public and private space, 
defining the signs and codes of the new social space. 
This methodology works under conditions of 
uncertainty, ambiguity of the processes under study. 
The lack of predetermination of human behavior in 
public space, "delocalization" of interaction with Others, 
stipulates the individualization of the social 
environment, the use of "soft" design technologies. 
 
New social practices. 
Public space is characterized by public administration, 
free access for all and the fact that in its framework, 
many people are committed to public goals [5]. The 
most obvious changes are connected to the possibility 
of creating virtual spaces of social interaction with the 
help of information technologies or producing a sense 
of belonging to a community, a social group. 
These practices are implemented in many significant 
places in Moscow, which have become points of 
attraction for the most mobile group of the population - 
the young generation. For example, a viewing point on 
the banks of the Moscow River opposite to the Moscow 
City business center. Aesthetic modernity of 
architecture, dynamic illumination and animation, 
emphasizes the contrast with traditional Moscow 
architecture (so-called Stalin era style), creating 
extraordinary effects of presence and constructing a 
positive perception of a new social space that can be 
read as a symbol of a dynamic future (see Fig.1).The 
communality of the socio-psychological experience in 
this case is based on hedonistic practices, which is one 

of the defining characteristics of the consumerist 
society. 
 

 
 
Fig.1. Moscow City business center 
 
In the reflections of modern sociologists and architects, 
there is a concern that public spaces are, in fact, 
pseudo-public: [they are] rather “common spaces” than 
“public spaces”, since they do not create an interaction, 
a game, or communication [5]. The network model of 
communication as a whole is indifferent to purely 
human features of communication: the emotional 
component, unconscious mental reactions. This is the 
immutability of its organizing force, but at the same time 
it affects psychological pressure on the person. Modern 
sociologist Richard Sennet talks about the social 
extinction of the public sphere, since it loses all 
independent, experiential significance [6]. Typical 
examples of that space are shopping malls and 
entertainment centers where consumerist practices 
dominate. In these image-building objects, atriums are 
a very popular form of functional and aesthetic 
organization of public space (see Fig.2). 
In the climatic conditions of Russia, atriums are relevant 
and comfortable communication spaces. I would like to 
draw attention to some new trends and technologies in 
redesigning shopping centers and the use of these 
spaces.  They use the concept of a small city and 
suggest a program of activities aimed at the personal 
development of an individual. These can be yoga 
classes, lectures on various topics, exhibitions, and 
fashion shows. Hedonistic practices can be 
successfully combined with cognitive activities, 
promoting the development of communicative 
practices. New types of public spaces are 
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and comfortable communication spaces. I would like to 
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spaces.  They use the concept of a small city and 
suggest a program of activities aimed at the personal 
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Fig.2. Atrium of  shopping mall «Evropeyskiy» 
 
characterized by their heterogeneity, processuality and 
openness. 
The creation of new areas of social interaction, 
designed for the so-called creative class has become a 
popular trend. Places like former factory buildings and 
industrial clusters are transformed into creative 
workshops, centers of contemporary art, educational 
centers, etc.(See Fig.3). 
 

 
 
Fig.3. Center of contemporary art «Flacon» 
 
These objects combine both industrial aesthetics and 
the spirit of hipster urbanism, attracting certain 
communities oriented towards creative self-realization. 
The combination of the historical spatial structure and 
diverse types of cultural activities contributes to the 
formation of new types of public space. These 
processes are developed in the creation of co-working 
spaces, where business and recreation are organically 

combined, and opportunities for communication of 
people that do not intersect in ordinary life are created. 
 
Democratization of space 
The life model has changed dramatically. 
Extensive representational spaces are still significant 
for the functioning of the metropolis, but 
democratization of space processes become more and 
more relevant. They correspond to the logic of sociality 
of the individual and human-space interaction. 
German philosopher Peter Sloterdijk,  analyzing the 
tendency of a person being "removed"  from the public 
life, pointed out that in modern society the information 
tension of communication produces involuntary 
sociality. It is necessary to ensure human protection 
and to form cultural immunity from the intensity of social 
life using architectural and town-planning solutions as 
well. [7]. 
A typical example of Hi-Hume is the so-called wild 
urbanism, which aims to form a hybrid space in a 
modern metropolis; a space where the landscape turns 
into a city, and the city into a landscape. This 
technology was used in the creation of the new 
“Zaryadye" park in the very heart of Moscow, near the 
Kremlin walls (see Fig.4). 
 

 
 
Fig.4. “Zaryadye" park 
 
The park is an alternation of most typical Russian 
landscape zones: forests, steppes, meadows, northern 
landscapes. In addition to the reactive and aesthetic 
functions, this natural area allows visitors to see the 
extraordinary diversity of the nature of our large 
country.  
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The modern citizen feels a great need for the emotional 
experience of emptiness, the need to see some kind of 
“windows”, abruptions in the extremely dense physical 
and spiritual environment  around him. The priority of 
the natural life, proclaimed by the park's creators, 
corresponds to the new trend of the "returning" of the 
man-made to the natural state. 
The park also has a concert hall, some restaurants and 
cafes, and a media center. We can see the action of 
"appropriation" of a historical place with a powerful 
cultural potential by the city people. Instead of the 
awkward pompous and semi-official building of the 
hotel, there is an interesting public space full of cultural, 
educational and entertainment functions. The cultural 
code of this landmark place is changing; the original 
historical and cultural meanings are returning to it. The 
implementation of this high-tech and very expensive 
project is designed to "shade" the sacred symbolism of 
the Red Square ensemble, to create a warm and 
friendly atmosphere of communication between people. 
 
Conclusions 
1.The problem of organizing a public space in a modern 
metropolis is both social and technological. 
The ability to implement social interaction (sociability) 
develops in a complex technological context, 
conditioned by the modernization of societу. 
2.The peculiarity of this process is that a discrepancy in 
the rate of development is detected: Hi-Tech is ahead 
of the development of the social sphere. There is a 
need for individualization of the social environment, the 
application of "soft" technologies for its design. 
3.A new type of urban public space is created 
essentially as an open, friendly field of interaction. It is 
aimed at young people and the emergence of new 
social groups, which are both the result of this process 
and the acting power of changes. 
4.The example of Moscow showed the most famous 
trends in the transformation of public space, 
corresponding to the world trend and based on the use 
of high technology, new architectural and urban 
solutions. 
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Abstract: The concept of the city is not able to reflect the complexity of spatial and social organization of 
contemporary built environments. There is a need in reformatting obsolete forms of urban organization areas and 
the development of new urban systems that meet the current needs of management and specific features of 
historical development of Russia. At present, the development of urban systems is to find new ways of formation 
of dynamically stable spatial systems, development of new approaches and architectural spatial support of 
modern post-industrial social processes and successive development of cultural heritage. Urban planning system 
due to the interaction of three entities: the social organization of a population, production and technological system 
of the organization of economic complex and architectural and spatial arrangement of habitat. In article 
consideration of social and production systems are considered in terms of territorial-planning organization and 
spatial distribution of components of the living environment of the population. The processes of urbanization imply 
increasing the role of urban systems in modern society, the spread of urban lifestyles, the formation of more highly 
organized systems of settlement. 
 
Keywords: urban system, sustainable development, social organization, urban spatial system. 
 
Introduction  
Social and economic sections of urban theory are 
of paramount importance for urban planning, 
which is a means of purposeful organization of 
living environments and solve different kinds of 
problems associated with the placement and the 
territorial organization of production, reproduction 
of labor resources, the nature of the work, life and 
recreation, environmental management and 
environmental protection.  
All modern economic theories is missing the 
relationship component of urban systems, with 
the reproduction of natural systems, there is no 
description of the interaction of social, economic, 
on the one hand, and natural processes on the 
other. Meanwhile, at the current stage of social 
development there are significant changes in the 
social, cultural and economic priorities of society. 
 At the end of XX - beginning of XXI centuries the 
basis of community development was laid by 
human capital, i.e. in education, health and 
welfare of the population, social stability and 
demographic processes, legal safeguards and 
different kinds of freedoms. On the fore questions 
of comfort of living environment, sustainability of 
urban development processes in the aspect of 
interaction with natural resources, the 
optimization of reproduction of the population with 
an emphasis on the harmonious development of 
man, protection and development of historical 
and cultural heritage [1,2]. While there remains a 
need for a rational territorial organization of the 
productive forces, organizations of non-
productive spheres of activity, direct regulation of 
behavior, socio-psychological comfort, efficient 
use of natural, energy and other resources. 
 
Sustainable urban system  
Global external factor in the development of 

modern urban systems on a planetary scale, is 
the transition to a new stage of social 
development – to a postindustrial society, which 
will inevitably change the socio-economic 
component of the cities and settlements, to 
increase the value of the human person and 
immeasurably increase its requirements to the 
living environment.  
The increase in the spatial interaction of cities, 
strengthen inter-settlement economic, cultural 
and social relationships. Active role starting to not 
perform individual cities and regional urban 
systems, groups of cities and rural settlements, 
i.e. urban system at different levels of territorial 
organization. Urban system begins to play the 
role of the main regulators of economic, social, 
demographic, environmental and cultural 
character. 
Orientation studies on the solution of spatial 
problems requires spatial interpretation of social 
characteristics. Basic social concept, determining 
the nature of the urban planning decisions is the 
activity of the society, i.e. the processes of social 
reproduction of human communities.  
Different requirements for the placement 
activities in space are correlated with resources, 
interaction with other activities, features of 
specific forms of spatial organization of the 
environment. This indicates the need for constant 
mapping of social and spatial processes and 
phenomena in the qualitative and quantitative 
dimensions. It is necessary to take into account 
the patterns of interdependence of urban 
structures and social processes in the space 
environment. Urban structure, as a specific 
organizational form of urban systems, can 
express dynamic social processes. While these 
processes because of their natural patterns of 
development is not able to maintain the same 
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momentum and inertia endowed with a specific 
manifestation. It follows the pattern of the 
permanent mismatch of the urban environment 
with the functional needs of society. There is a 
reverse effect of the adaptation current social 
processes to the previously existing forms of 
spatial organization of their environment, which 
can be interpreted as a kind of circular process of 
mutual adaptation of urban spatial structures and 
social processes.  
A theoretical model of such interaction will require 
identification of all factors that determine the 
formation and development of social, i.e. 
expressing the socio-functional status of the 
processes and spatial structures. Such a model 
will allow to develop a tool to develop a more 
productive socio-functional design programs and 
assess States of the organization of the urban 
environment and its impact on social processes 
[5]. 
 
Post-industrial social processes   
Modern processes of urbanization, associated 
with extensive development of large cities, the 
development of agglomeration systems, the 
specifics of settlement urban and rural 
settlements, deterioration of the ecological state 
of the environment are reflected in the ongoing 
social processes and organization of urban 
systems.  
In this regard, the objectives of the development 
of territorial planning schemes are required to 
explore such socio-economic characteristics, 
such as the planned dynamics of changes in the 
structure of productive forces, the structure of 
priorities of development of industries, the nature 
of modern employment, demographic change, 
changing forms and nature of commodity 
consumption. Determining these factors and their 
measures of impact will allow to purposefully 
regulate the development of social and urban 
development processes [3]. 
Studies of the formation and development of 
urban systems are associated with two aspects of 
their study: a study at a given point of the 
functioning of urban systems and study their 
evolution processes over long time periods, 
comparable with the periods of changes of social 
processes. In this sense, the first approach 
focuses on the determination of the effectiveness 
of urban development of States and their 
compliance with socio-economic needs of 
society, the second aspect relates to the historical 
methods of the description of urban processes 
and phenomena, their deployment in time, 
changing approaches to their spatial organization 
and their component content [4].  

 
Essence of the new urban systems 
All modern economic theories is missing the 

relationship component of urban systems, with 
the reproduction of natural systems, there is no 
description of the interaction of social, economic, 
on the one hand, and natural processes on the 
other. Meanwhile, at the current stage of social 
development there are significant changes in the 
social, cultural and economic priorities of society. 
The basis of social development was built human 
capital, i.e. in education, health and welfare of the 
population, social stability and demographic 
processes, legal safeguards and different kinds of 
freedoms.  
Discussion of organization and development of 
modern human activity inevitably leads to the 
problem of establishing relations between 
individual, society and the natural environment.  
In advanced countries the issues of ensuring 
ecological well-being acquire special socio-
economic sound, linked to the formation of new 
standards of social behavior, new norms of 
morality and ethics, new formats of relations 
between man and the natural environment, 
excluding mutual destruction. 
In these conditions, the Urban system begins to 
play the role of the main regulators of economic, 
social, demographic, environmental and cultural 
character. 
Studies of the formation and development of 
urban systems are associated with two aspects of 
their description: research at a certain point the 
functioning of urban systems and study their 
evolution processes over long time periods. In 
this sense, the first approach focuses on the 
determination of the effectiveness of urban 
development of states and their compliance with 
socio-economic needs of society, the second 
approach is associated with the historical 
methods of the description of urban processes 
and phenomena, their deployment in time, 
changing approaches. 
New urban spatial system designed to streamline 
the territorial structure of the settlement, shaping 
the social and engineering infrastructure of a new 
type, and, most importantly, to build interaction 
with the natural environment based on the 
principles of symbiotic coexistence. I.e., the 
urban system is treated as a natural-socio-
technological system, and actively incorporates 
natural components in their entirety. 
The functionality of the new urban system is 
defined by inner and outer causes of its 
development.  
Internal reasons can be defined as homeostasis 
of the functioning of the urban system, i.e. the 
development of various measures to maintain the 
integrity of the system, its ability for self-regulation, 
preserving the internal States.  
External causes involve the provision of all kinds 
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of exchanges with the external environment of 
spacial system, providing information, energy, 
trade and population exchanges. 
The concept of the city in the traditional sense 
today, are no longer able to reflect the complexity 
of spatial and social organization of contemporary 
built environments. There is a need in 
reformatting obsolete forms of urban organization 
areas and the development of new types of urban 
systems that meet modern social, economic, 
cultural and technological needs of society and 
providing a balanced interaction between natural 
and anthropogenic environments. 
The task of development of urban systems is to 
find new ways of formation of dynamically stable 
spatial systems, development of new approaches 
to architectural-spatial security of postindustrial 
social processes and successive development of 
cultural heritage. 
 
Role of urban systems 
Urban spatial system designed to streamline the 
territorial structure of the population, to develop 
social and engineering infrastructure of a new 
type, to interact with the natural environment, 
based on symbiotic coexistence [6]. 
Urban planning system is treated as a natural-
socio-technological system, and actively includes 
natural components. Each urban system is in a 
constant state of dynamic development and is 
committed to it.The planning system includes, as 
separate components, architectural planning of 
the system, i.e. the structures and complexes of 
structures within which are implemented in 
certain types of social activity in urban and non-
urban population, local functional processes 
associated with its functioning. Small urban 
systems are part of a larger spatial planning 
systems, which are formed on the basis of 
national-economic complexes of the regional and 
Federal level.In the space of urban systems, 
people mostly combine the relations of production. 
The functionality of the urban system is defined 
by inner and outer causes of its development. 
Internal causes can be characterized as a kind of 
homeostasis of their functioning, i.e. the 
development of various measures to maintain the 
integrity of the system. Internal consistency of the 
urban spatial system, allowing it to allocate as an 
independent object of study, due to the stability of 
the social and functional relationships 
implemented in the territory on the basis of 
communication networks. External causes 
involve the provision of all kinds of exchanges 
with the external environment, providing for 
information, energy, commodity and demographic 
exchange [ 7,8].Despite the fact that the planning 
system have emerged from the people, they are 
not the result of their deliberate, rational activity. 
This is indicated by numerous examples of 
uncontrolled growth of the cities, the 
unpredictable degradation of some sections of 

the urbanized area, the outbreak of urban crime 
and other specific manifestations of human life 
activity in conditions of modern urbanization [ 7,8]. 
In accordance with the above, urban system is a 
spatial formations, formed according to certain 
laws of magic is extensive tending to them 
territories, in places of concentration of industrial, 
scientific and cultural values. To regulate the 
development of urban systems, and included the 
settlements is possible only on the basis of the 
objective laws of their development.  
The planning system is designed to provide 
maximum opportunities for the development of a 
comfortable habitat, naturalization of the cultural 
heritage and protect the environment. These 
systems are built to enhance the effect of social 
life to maximize its diversity and balance of 
interaction with nature. Thus, we can conclude 
that a good urban system is one in which the 
social life of the most varied and intense, and the 
interaction of the urbanized environment with 
natural - balanced.  
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INTRODUCTION 
Sustainable urban development of settlement sys-
tems, cities and towns is only possible on the princi-
ples of their biosphere compatibility with the natural 
complex of the region and taking fully into account the 
negative impact on the biosphere resources of the ter-
ritory. 
In the context of the globalization of environmental 
problems when implementing any large-scale activi-
ties on environment, for example, the construction of 
the large hydropower systems, always escalates de-
bate on how to measure the scale of the transfor-
mation, and if is it possible to cope with the environ-
mental consequences and whether they are reversi-
ble. 
Hydro-technical utilities bear rather serious negative 
consequences for the development of regions in 
which they operate. These impacts are not initially re-
alized, especially on the first stages of the operation 
of hydroelectric power station, but eventually, their 
scale and complexity come into sharp focus. Here-
with, one of the less discussed issues is the loss of 
the proper quality of the living environment. Until now, 
the study of the influence of the Volga hydroelectric 
facilities was carried out only by technical specialists 
not taking into account the diversity of the effects of 
the economic development of the Volga resources 
and focusing only on positive aspects of this process.  
Global implications of hydropower facilities on the ter-
ritory of the region are expressed not only in damage 
to natural complex, but in a noticeably growing impact 
on cities and rural settlements as places of human 
habitation. 
There are certain socio-cultural and spiritual conse-
quences, for example, the loss of human settlements 
as elements of cultural environment or disappearance 
of historical monuments in case of bank caving by wa-
ter reservoir.  

THE LOWER VOLGA REGION: ECOLOGICAL VALUE AND 
URBAN CONTEXT 
Within the framework of the article, the problem of re-
search impacts and risks incurred by the hydropower 
facilities for sustainable development of cities and set-
tlements in the region of the Lower Volga in Southern 
Federal District of Russia is raised. Here we have 
many years of experience of tests on the impact on 
the natural and socio-territorial complex of the Volzh-
skiy hydropower station cascade. 
Taking into account the huge importance of ecological 
loss assessment for natural complex, exposed by hy-
dropower stations, our attention, however, will be con-
centrated on the problem of resource constraints of 
safe and sustainable development of cities and settle-
ments. The research is based on methodological 
statements of "Transformation matrix into biosphere 
compatible and human developing city", developed by 
Dr. SC. (Tech.), the academician of  Russian Acad-
emy of Architecture and Construction Sciences V.A. 
Ilitchev. 
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Floodplain from Volgograd to Astrakhan and the Volga 
delta as well (the largest delta in Europe, bordering 
the Caspian Sea), including shallow water delta front. 
The Volga-Akhtuba Floodplain is a unique natural 
landscape in the lower reaches of the Volga river. Dur-
ing the spring flood period the area between the Volga 
and Akhtuba rivers is heavily flooded, that ensures a 
biodiversity and possibility of agricultural use of the 
area including the development of gardens and melon 
fields. The floodplain is also the basis for the fish re-
production at the Lower Volga region. 
The region is of the international biospheric value 
thanks to biodiversity and other features of natural-bi-
ospheric complex, it is registered among the 200 glob-
ally significant regions in the list of the World Wildlife 
Fund (WWF)1. Habitats wetlands are considered to be 
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the mostly preserved in Europe. Part of the delta is 
occupied by the biosphere reserve. 
The Lower Volga region consists of three constituent 
entities of the Russian Federation — Astrakhanskaya 
oblast, Volgogradskaya oblast and the Republic of 
Kalmykia. A large part of the population is concen-
trated in the cities of Volgograd (1001 thousand inhab-
itants), Astrakhan (482 thousand inhabitants), Volzh-
skiy (288 thousand inhabitants) and in other towns 
and villages. The territory of the floodplain is predom-
inantly populated by rural citizens living in small 
towns. 
Rural population density decreases from 20-28 per-
son/km2, near Volgograd and Astrakhan to 2-4 inhab-
itants/km2 in the middle area of the floodplain. The to-
tal number of people living in the zone of influence of 
the floodplain is nearly 2 million people. 
 

 
Fig.1. Scheme of location of the Volzhskaya hydroelec-
tric power station (HPS) on the territory of the Volgograd 
region 

HISTORICAL AND CULTURAL HERITAGE OF THE REGION 
On the territory of the Lower Volga there is a large 
number of objects of historical and cultural heritage. 
Here, along the banks of the Volga River, the northern 
branch of the Silk Road passed through. Many cities 
and towns have a large number of cultural heritage 
sites, among them are Astrakhan, Volgograd,Ka-
myshin, Leninsk and others. Objects of historical and 
cultural heritage are presented diversely as in the 
steppe, and in the flood plain, especially in the line of 
contact of these landscapes. They include, for exam-
ple, archeological monuments of Federal significance. 
The most significant of them are Selitrennoye goro-
dische (Sarai Batu) and Tsarev gorodische (Sarai 
Berke). Those sites are former capitals of khans of the 
Golden Horde, where all Russian Princes and many 
travelers (Marco Polo and others even earlier - Slavic 
representatives of the Enlightenment Cyril and Meth-
odius) came. On the bank of the Volgograd reservoir 

there are numerous archaeological monuments re-
lated to the time of the Scythians and Sarmatians, 
Golden Horde (Vodianskoe gorodische – the town of 
Beldjamen, Ternovskoe gorodische and others) and 
earlier eras. 

THE NEGATIVE IMPACT OF HYDROPOWER PROJECTS ON 
THE TERRITORY 
Numerous studies of the region in recent decades, 
identified the main threats to the ecology of natural 
complex of the Lower Volga.  
The Volga River, the largest river in Europe, has a reg-
ulated flow regime after completion of a cascade of 
dams. Comparative analysis of the main threats to the 
natural-biospheric complex territory, as well as for cit-
ies and populated areas located in the zone of influ-
ence of the floodplain, allowed to make a conclusion 
that the main threat to their livelihoods and sustaina-
ble development is the Volga hydroelectric station and 
all the Volga-Kamsk cascade. 
The Volzhskaya  water power plant  is the largest hy-
droelectric power station in Europe. It was also called 
Stalingrad/Volgograd Hydroelectric power station 
named after XXII Congress of the CPSU. The station 
was the last (eighth) and most powerful stage of the 
Volga-Kamsk hydropower cascade, it was commis-
sioned in 1961. As a result of the construction of the 
Volga hydroelectric complex important public tasks of 
that time were solved, the main of which was to pro-
vide cheap electricity to the central regions of the 
country (including Moscow) and Donbass. Beside the 
electricity the dam formed the artificial sea-water res-
ervoir, which was entrusted with leveling of uneven 
streamflow and flood protection, irrigation problem 
solving, water supply of large cities, development of 
fish industry on "unproductive" lands, establishment 
of transport navigable routes. However, the effect of 
the artificial sea on the territory of the region turned 
out to be unpredictable beforehand. 
Volzhskaya HPS usually regulates the hydrological 
regime of the Volga in the interests of hydropower in-
dustry, and it has noticeable been reducing the spring 
water volume compared to natural flooding since  
large dams appeared on the river2. In recent years, 
the Volga-Akhtuba Floodplain has been flooded rarely 
more than 40 % of its total area3. 
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Fig.2. Layout of Volga hydrodevelopment 
1 – earth dam; 2 – hydropower plant; 3 – fish elevator; 4 
– spillway dam; 5 – interlock hydropower plant; 6 –ship 
lock  
 
Analysis of long-term exposure of the Volzhskaya hy-
droelectric power station on the territory of the region 
showed that the influence of hydrotechnical construc-
tions on the environment relates to all components of 
the natural-technical complex, not only elements of 
the natural environment4 . The system of resettlement 
was radically changed, many historical settlements 
were flooded, coastal areas of The Volga cities were 
changed. The flooding of the reservoir affected to dif-
ferent extents 125 settlements (including the town of 
Dubovka, Kamyshin, Saratov, Engels, Volsk and oth-
ers), 59 of which were fully rendered from the zone of 
flooding. In total, 18.5 thousand households were re-
settled in accordance with the statistics, which allows 
mentioning no less than 50 thousand of the affected 
people who now can be called "ecological refugees". 
After the establishment of the Volga dam the Volgo-
grad reservoir was formed stretching on the area of 
more than 3 thousand km2. The Reservoir length is 
about 600 km and its width in some areas reaches 14 
km. Reservoir filling occurred during 1958-1961 
years. In the early years of artificial sea existence, its 
coasts had been suffered intense erosion. At this time 
the new shoreline of floodplain islands and valley side 
was formed. The waterline of the dam of the  Volzh-
skaya hydroelectric power station rose to 26 m. In 
fact, the transformation of the natural complex of the 
whole region took place, the huge area was flooded. 
It was assumed that the reservoir would improve the 
water communication between The Volga cities and 
river navigation would be developed. For these pur-
poses three major ports were built on the reservoir: 
Saratovskiy port, Kamishinskiy port, Volzhskiy port. 
However, the shipping situation had been improved 
only in the first 20-30 years of operation (1960s-

1980s). Later transformation and intensive erosion of 
shores led to reservoir "aging", accumulation of prod-
ucts of water erosion and abrasion in the reservoir ba-
sin and reduction of the navigable depths5. Currently 
there is a progradation of the reservoir to the shore 
objects. 
When designing and building such a big hydropower 
facility as the Volzhskaya hydroelectric power station, 
effects on natural complex and human environment 
had not been thought of, simply because there had 
been no experience in operation of such objects. 
"Ecologically clean" hydropower, as it could seem, ex-
cept for the benefit for the development of the econ-
omy of the region, had no threats. As for resettlement, 
flooding of settlements and the loss of archaeological 
and historical-cultural monuments, destruction of for-
ests and valuable floodplain territories, agricultural 
lands – these factors could be neglected. 
Huge environmental and social damage was made to 
the ecosystems of the Volga before filling of the res-
ervoir. In the process of preparing the reservoir bed 
107.3 thousand ha of forests and bushes (34.3% of 
the water area of the future reservoir) were destroyed, 
4.4 million m3 of merchantable wood were cut down, 
no major works on restoration of forest resources 
have been implemented so far. In the floodplain and 
on the left bank of the Volga River 107 thousand ha of 
hayfields and pastures were flooded in total. 
As a result of the comprehensive analysis of the im-
pact of the Volzhskaya hydroelectric power station on 
human habitation and resettlement system which was 
carried out during 2008-2017 years, the main direc-
tions of the negative impact were determined. 
1) limitation of spatial urban development and loss of 
historical, cultural and archaeological monuments due 
to the processes of the bank caving and development 
of underwashing at the toe of slopes; 
2) limitation on urban landscapes development which 
are the most comfortable for human habitation, with 
regard to the risks associated with the emergence of 
threats to accidents on hydropower facilities; 
3) deterioration of potable water quality due to a gen-
eral change of conditions of formation of water quality 
(including the stagnation of water in the reservoirs 
cascade and water exchange); 
4) shortages of water in the floodplain (including po-
table), the desiccation of agricultural lands, the loss of 
livelihoods of the rural population due to natural 
changes in the hydrological regime of the river; 
5) complication of conditions for urban construction by 
groundwater rising and soil freezing in winter. 
The Volgograd reservoir causes groundwater flooding 
up to several kilometers off the coast. Flooding stimu-
lates soil freezing, the right bank of the Volga river is 
concaved by sliding and subsiding, causing soil de-
struction. Each year, 300 million tons of soil caves into 
the river, turbidity of which has grown dozens of times. 
For example, in the town of Kamyshin there had been 
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caving of slopes and changing of shorelines due to 
regular Volgograd reservoir bank transformation for 
decades. The objects of cultural heritage in the 
coastal zone are destroyed. The famous archaeolog-
ical monument of the Middle ages «Vodianskoe goro-
dische» ancient settlement due to the collapse of the 
bank lost much of its territory. 
 

 
Fig.3. Archaeological monument “Vodyanskoe goro-
dische”. Destruction of the shore of the Volgograd Res-
ervoir. 2016. 

The raise of the waterlogged territories groundwater 
level creates a devastating effect on the growing of 
natural and agricultural crops and leads to decreased 
productivity and its feeding value. In winter, the Volgo-
grad reservoir transforms into the glacier, freezing the 
soil by groundwater, so that for heat-loving water mel-
ons and melons on the right bank of the reservoir the 
soil has no time to be warmed up. 
 
CONCLUSION 
Thus, as the result of the effect of the artificial sea and 
the activities of hydrotechnical constructions the nat-
ural degradation of the Volga basin happens which is 
accompanied not only by environmental damages, 
but also by the loss of quality of natural components 
(soil, water, etc.), which could be useful for socio-eco-
nomic use, including aesthetic, landscape and recre-
ational aspects. 
Currently, the negative impact of hydropower facilities 
is not counted properly in the urban planning docu-
ments. For example, in documents such as the struc-
ture plans (territorial planning scheme) of the Volgo-
grad region or master plans of cities Volgograd, Volzh-
sky, Kamyshin there is no evidence of environmental 
harm caused by the Volzhskaya hydroelectric power 
station, nor on the arrangements for the compensa-
tion of this harm. It is explained by the fact that, the 
problem of environmental exploitation of the re-
sources of the region is denied, there are no methods 
to determine the zone of the negative impact of hydro-
power facilities, as well as the criteria for assessment 
of damages. 

No matter how paradoxically it may sound, hydro-
power could not be considered as an environmentally 
friendly way to generate electricity. 
The construction of dams and the emergence of arti-
ficial seas lead to significant changes in river ecosys-
tems, which are being stored and accumulated all the 
time as long as the energy production continues. In 
addition, it causes changes in the potential and infra-
structure of the region's economy, including lost op-
portunities of urban development. The risks con-
nected with the emergence of accident threats, dam-
age of the dams as a result of natural and man-made 
catastrophic impacts or terrorist attacks appear. 
The example of the Lower Volga region shows the se-
riousness of the problem of the negative influence of 
hydraulic structures on the quality of human habita-
tion. It is necessary to continue research on the de-
velopment of methods for the determination of the 
negative impact of hydropower facilities, as well as 
criteria for the evaluation of damage and compensa-
tion methods for the population of the regions where 
hydropower companies operate. 
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Questions of economic efficiency of optimization of 
level of a heat-shielding of buildings became very 
relevant now and are widely discussed by builders, 
hygienists, operators and workers of some other 
professions. Interest in this problem is explained by 
the fact that as a result of optimization of level of a 
heat-shielding of buildings many tasks facing our 
country — such as increase in level of comfort of 
civil buildings, cutting of costs for operation of 
buildings of different function, reduction of fuel 
consumption, increase in labor productivity, etc. can 
be more successfully solved. 
However optimization of level of energy efficiency of 
buildings brings not only economic effect. At the 
same time she provides increase in level of thermal 
comfort in rooms and the corresponding social effect 
and also fuel economy. In production agricultural 
buildings the optimization of level of their energy 
efficiency increases efficiency of livestock production 
and poultry farming and ensures safety of buildings. 
Therefore, this action promotes the solution of a 
number of the tasks facing economy of our country 
now. 
Increase in level of comfort of civil buildings is 
impossible when in rooms rather high level of 
thermal comfort isn't provided. Level of comfort of 
subjects is higher, than temperature of an internal 
surface of the external protecting designs is higher 
(external walls, fillings of light apertures, coverings, 
etc.).  
In specific conditions of design temperature of an 
internal surface of the external protecting designs 
depends only on resistance to a thermolysis of an 
internal surface of the protecting design all other 
factors in these conditions are constant. Therefore, if 
compare two options of any external protecting 
design with different sizes of resistance to a 
thermolysis of an internal surface of the protecting 

design, then at the same time not only the total given 
costs of this design and heating of the building, but 
also level of thermal comfort in his rooms change. 
Proceeding from need of creation of thermal comfort, 
hygienists demand that the normalized difference of 
temperatures of internal air and an internal surface 
of the external protecting design didn't exceed 3-4 
°C. However now this difference of temperatures is 
established equal 6 °C for premises, hospitals, 
schools, policlinics and children's gardens day 
nursery and 7 °C for other public and office 
buildings. It is obvious that at so big size of a 
difference of temperatures in rooms of the listed 
buildings the due thermal comfort can't be provided. 
It should be noted that at the high size of a 
difference of temperatures also the second 
requirement imposed to the external protecting 
designs often isn't fulfilled (and considered at 
establishment of this size) - a guarantee from 
condensation of water vapor on an internal surface 
of a design: at increase in its humidity that often  
Now, projecting the external protecting structures of 
the building, often proceed from the minimum 
admissible resistance to a heat transfer, i.e. accept 
option with the smallest construction cost and the 
maximum operational expenses. Such practice of 
design completely contradicts the standard 
requirement - to reveal and accept only that option 
which provides the smallest expenses, i.e. an 
optimal variant in projects. 
It is obvious that expenses can be minimum only in 
that case when everyone composed them it is 
minimum. Reduction of the specific given costs of 
the external protecting designs reach by 
identification and realization most their economically 
expedient options. Reduction of the total areas of 
these designs is reached improvement of 



126

architectural and space-planning concepts of the 
respective buildings 
Basic element of operational costs of heating of the 
building are costs of fuel. Therefore optimization of 
level of a heat-shielding of buildings not only will 
increase the level of energy efficiency and comfort of 
civil buildings, but also will provide considerable 
economic effect which size will continuously increase 
according to the term of operation of the building. 
Volumes of housing construction and are absolutely 
incomparable presently 70 years ago. Types of 
residential buildings, their improvement, number of 
storeys, the applied materials and products, 
technology and the organization of construction have 
changed. 
When determining energy efficiency it is necessary 
to consider a number of factors which treat: 
- need of accounting of capital investments and 
operational costs not only of the system of heating of 
buildings, but also of other elements of system of 
heat supply; 
- change of an order of definition of operational 
expenses on thermal energy; 
- costs of fuel should be determined not by list 
prices, and proceeding from the closing costs of fuel 
as change of volume of his consumption can be very 
considerable and demand commissioning new, less 
economically expedient fields of fuel; 
- the prime cost of panels of external walls and 
coverings is defined differently, - the prime cost of 
the panel with increase in its thickness increases 
more slowly, than thickness. It is also necessary to 
consider in capital investments additional costs of 
partial reconstruction of the plant of combined 
designs; 
- it is necessary to consider influence of this action 
on the prospects of development of allied industries 
of economy - the industry of construction materials 
(the need for cement, expanded clay, effective heat-
insulating materials, etc. will increase). This account 
is necessary for timely entering of the corresponding 
amendments into plans of perspective development 
of the specified branches of economy; 
- conditions of design demand definition of field of 
economically expedient use of the produced 
construction materials which application in panels of 
external walls and coverings now and in the short 
term perhaps; identification of a scope of these 
materials is necessary for determination of total 
demand for them, and the prime cost of a design 
also depends on her. 
In a technique of optimization of level of energy 
efficiency including heat-shieldings of buildings have 
to find reflection ways of accounting of the additional, 
not having now quantitative assessment, effect of 
increase in level of thermal comfort. Earlier it was 
specified that this question especially important for 
civil buildings isn't solved yet. All tasks of 

comparison of versions of design decisions in these 
buildings can be broken into three groups: 
a) providing the identical level of comfort (for 
example, the options of interfloor overlapping or 
partitions providing the identical level of sound 
insulation); 
b) providing the increased comfort level (for 
example, increase in height of rooms or the area of 
kitchens, etc.); at such options both capital 
investments and operational expenses usually 
increase. Therefore increase in level of comfort can't 
receive quantitative assessment, and additional 
capital investments plan in advance and respectively 
increase the funds allocated for construction of non-
productive objects; 
c) the actions providing increase in level of comfort 
provide at the same time both decrease in the given 
expenses, and not considered quantitatively social 
effect. Therefore their efficiency is higher, than in 
point and. 
Technique of optimization of level of energy 
efficiency including heat-shieldings of buildings of 
different function has to promote improvement of 
balance of wall materials and designs in our country 
the release economically of the most effective 
products continuously increased and respectively 
specific weight in balance of less economic went 
down. As a result of such reorganization of the 
industry of construction materials it is possible to 
gain considerable economic effect. 
The social effect at increase in energy efficiency of 
buildings results from increase at the same time in 
the level of thermal comfort in their rooms. 
Hygienists define this comfort as a physiological 
state at which the central nervous system gets the 
smallest quantity of the external irritations 
demonstrating changes of the environment, and 
thermal control mechanisms (vascular system) feel 
the smallest irritation. At such physiological state 
most fully there is a restoration of forces of an 
organism broken during production activity of people 
than and the high efficiency of their work is provided. 
After stay of people in rooms with the low level of 
thermal comfort productivity of their work decreases. 
Doctors-hygienists have established that the people 
living in buildings which external protecting 
structures have rather small resistance to a heat 
transfer, a thicket are exposed to catarrhal and 
neuralgic diseases and defeats of peripheral nervous 
system, than residents of buildings "warmer" and 
moderately glazed. The level of thermal comfort of a 
wall is higher, the more it reflects to the room of 
infrared thermal beams. At low the wall intensively 
absorbs thermal beams and as a result thermal 
radiation from that part of a body of the person which 
is turned to a wall considerably increases. Especially 
sharply this radiation in the presence in filling of a 
window opening, big on the area, with one or two 



127

architectural and space-planning concepts of the 
respective buildings 
Basic element of operational costs of heating of the 
building are costs of fuel. Therefore optimization of 
level of a heat-shielding of buildings not only will 
increase the level of energy efficiency and comfort of 
civil buildings, but also will provide considerable 
economic effect which size will continuously increase 
according to the term of operation of the building. 
Volumes of housing construction and are absolutely 
incomparable presently 70 years ago. Types of 
residential buildings, their improvement, number of 
storeys, the applied materials and products, 
technology and the organization of construction have 
changed. 
When determining energy efficiency it is necessary 
to consider a number of factors which treat: 
- need of accounting of capital investments and 
operational costs not only of the system of heating of 
buildings, but also of other elements of system of 
heat supply; 
- change of an order of definition of operational 
expenses on thermal energy; 
- costs of fuel should be determined not by list 
prices, and proceeding from the closing costs of fuel 
as change of volume of his consumption can be very 
considerable and demand commissioning new, less 
economically expedient fields of fuel; 
- the prime cost of panels of external walls and 
coverings is defined differently, - the prime cost of 
the panel with increase in its thickness increases 
more slowly, than thickness. It is also necessary to 
consider in capital investments additional costs of 
partial reconstruction of the plant of combined 
designs; 
- it is necessary to consider influence of this action 
on the prospects of development of allied industries 
of economy - the industry of construction materials 
(the need for cement, expanded clay, effective heat-
insulating materials, etc. will increase). This account 
is necessary for timely entering of the corresponding 
amendments into plans of perspective development 
of the specified branches of economy; 
- conditions of design demand definition of field of 
economically expedient use of the produced 
construction materials which application in panels of 
external walls and coverings now and in the short 
term perhaps; identification of a scope of these 
materials is necessary for determination of total 
demand for them, and the prime cost of a design 
also depends on her. 
In a technique of optimization of level of energy 
efficiency including heat-shieldings of buildings have 
to find reflection ways of accounting of the additional, 
not having now quantitative assessment, effect of 
increase in level of thermal comfort. Earlier it was 
specified that this question especially important for 
civil buildings isn't solved yet. All tasks of 

comparison of versions of design decisions in these 
buildings can be broken into three groups: 
a) providing the identical level of comfort (for 
example, the options of interfloor overlapping or 
partitions providing the identical level of sound 
insulation); 
b) providing the increased comfort level (for 
example, increase in height of rooms or the area of 
kitchens, etc.); at such options both capital 
investments and operational expenses usually 
increase. Therefore increase in level of comfort can't 
receive quantitative assessment, and additional 
capital investments plan in advance and respectively 
increase the funds allocated for construction of non-
productive objects; 
c) the actions providing increase in level of comfort 
provide at the same time both decrease in the given 
expenses, and not considered quantitatively social 
effect. Therefore their efficiency is higher, than in 
point and. 
Technique of optimization of level of energy 
efficiency including heat-shieldings of buildings of 
different function has to promote improvement of 
balance of wall materials and designs in our country 
the release economically of the most effective 
products continuously increased and respectively 
specific weight in balance of less economic went 
down. As a result of such reorganization of the 
industry of construction materials it is possible to 
gain considerable economic effect. 
The social effect at increase in energy efficiency of 
buildings results from increase at the same time in 
the level of thermal comfort in their rooms. 
Hygienists define this comfort as a physiological 
state at which the central nervous system gets the 
smallest quantity of the external irritations 
demonstrating changes of the environment, and 
thermal control mechanisms (vascular system) feel 
the smallest irritation. At such physiological state 
most fully there is a restoration of forces of an 
organism broken during production activity of people 
than and the high efficiency of their work is provided. 
After stay of people in rooms with the low level of 
thermal comfort productivity of their work decreases. 
Doctors-hygienists have established that the people 
living in buildings which external protecting 
structures have rather small resistance to a heat 
transfer, a thicket are exposed to catarrhal and 
neuralgic diseases and defeats of peripheral nervous 
system, than residents of buildings "warmer" and 
moderately glazed. The level of thermal comfort of a 
wall is higher, the more it reflects to the room of 
infrared thermal beams. At low the wall intensively 
absorbs thermal beams and as a result thermal 
radiation from that part of a body of the person which 
is turned to a wall considerably increases. Especially 
sharply this radiation in the presence in filling of a 
window opening, big on the area, with one or two 

layers of glass increases. At such windows of people 
in the room having normal air temperature feels his 
cold currents and can ache as at unilateral cooling of 
an organism his temperature-controlled processes 
are sharply broken. At the same time infiltration of 
external air through thinnesses in fillings increases 
that promotes formation of gradients of temperature 
fields in rooms. Calculations have shown that in the 
conditions of Moscow at windows with the coupled 
covers it is possible to provide thermal comfort at 
distance of 1 m from a window only when its area 
doesn't exceed 25 — 35% of total area of external 
protections. 
Existence of communication between the level of 
thermal comfort of civil and industrial buildings and 
increase in productivity of work, decrease in number 
of diseases of workers, reduction of the 
corresponding costs of production and health care 
and, eventually, growth of national income doesn't 
raise doubts. However now quantitative assessment 
of communication between the level of thermal 
comfort and the specified results due to the lack of 
the relevant statistical data can be defined only in 
some cases. 
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Abstract:  completely new scientific approach, assessment and management urban development through a system of 
potentials of the city is offered. Economic and mathematical model of sustainable development of the city, that allows 
assessing the development of the city through the quantitative indicators of the level of a potential inherent in the urban 
system is formulated. A systematic approach to the quantitative assessment for the potentials of the urban system con-
tributes to a more complete study and consideration of the characteristics of each of the potentials characterizing the 
development of different types of cities. The construction of economic and mathematical models for managing urban 
development that is based on allocation of urban potentials allows not only to obtain a quantitative estimate of the devel-
opment of the city at the time of calculations, but also to solve the problem of predicting the level of development of the 
city, as well as the optimization of the strategy of city management taking into account the obtained results. The econom-
ic and mathematical model based on patterns of city development, revealed as a result of processing of statistical data of 
the socioeconomic situation of the city with using of correlation and regression analysis. 
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INTRODUCTION 
Process of modern urbanization affects not only the 
rapid increase the number of urban residents, the 
development of large and largest urban systems, but 
also intensify the territorial heterogeneity of socio-
economic and other characteristics of the urban 
environment. 
The increasing economic, social and ecological dif-
ferentiation of the urban space presently requires 
new requirements to the structuring of the urban 
space, to the systematization of methods for its study 
and the development of adequate approaches to the 
regulation of urban development. 
Today, the problem of balanced development of 
cities is quite topical. A growing differentiation in the 
development of urban space is also a characteristic 
of the cities of the Central Black Earth Economic 
Region (CBEER). The solution of economic, social 
and ecological problems has a point character. At the 
same time, taking any measures to solve problems 
in different areas require n integrated approach. 
Using both budgetary funds and private investors' 
funds should be rational, with the maximum possible 
effect from the funds. 
Such an integrated approach, takes into account the 
economic, social and environmental component of 
the development of urban space, as well as predic-
tive changes in different areas of urban economy is a 
possible solution the problems of differentiation of 

cities and their balanced development. It’s neces-
sary to form not just a set, but a system of indicators 
for the integrated assessment of urban development, 
which will identify the strengths and weaknesses for 
each area of the city's development. 
This approach can be based on potential. The city is 
a specific socio-economic system. Therefore, it is 
necessary to form a certain system of potentials, 
which allows us to quantify the development of a 
particular city. Each of the potentials can be charac-
terized by a set of indicators. Therefore, another task 
of our research is the formation of a system of quan-
titative characteristics describing each of the poten-
tials. 
 
THEORETICAL AND METHODICAL BASES OF RESEARCH  
City, as a socio-economic system, has a number of 
particular qualities of functioning and development 
that distinguish it from other territorial socio-
economic systems. In scientific literature, a city is 
characterized as a diffuse system that functioning is 
not subject of strict laws, as a result of it can be de-
scribed using models that reflect the patterns of 
development of this system. Hence, the relative 
uncertainty of the development of the city. 
Another particular quality of the city is the high dy-
namism of functioning due to the concentration of a 
large number of interacting subjects within a limited 
territory. 
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INTRODUCTION 
Process of modern urbanization affects not only the 
rapid increase the number of urban residents, the 
development of large and largest urban systems, but 
also intensify the territorial heterogeneity of socio-
economic and other characteristics of the urban 
environment. 
The increasing economic, social and ecological dif-
ferentiation of the urban space presently requires 
new requirements to the structuring of the urban 
space, to the systematization of methods for its study 
and the development of adequate approaches to the 
regulation of urban development. 
Today, the problem of balanced development of 
cities is quite topical. A growing differentiation in the 
development of urban space is also a characteristic 
of the cities of the Central Black Earth Economic 
Region (CBEER). The solution of economic, social 
and ecological problems has a point character. At the 
same time, taking any measures to solve problems 
in different areas require n integrated approach. 
Using both budgetary funds and private investors' 
funds should be rational, with the maximum possible 
effect from the funds. 
Such an integrated approach, takes into account the 
economic, social and environmental component of 
the development of urban space, as well as predic-
tive changes in different areas of urban economy is a 
possible solution the problems of differentiation of 

cities and their balanced development. It’s neces-
sary to form not just a set, but a system of indicators 
for the integrated assessment of urban development, 
which will identify the strengths and weaknesses for 
each area of the city's development. 
This approach can be based on potential. The city is 
a specific socio-economic system. Therefore, it is 
necessary to form a certain system of potentials, 
which allows us to quantify the development of a 
particular city. Each of the potentials can be charac-
terized by a set of indicators. Therefore, another task 
of our research is the formation of a system of quan-
titative characteristics describing each of the poten-
tials. 
 
THEORETICAL AND METHODICAL BASES OF RESEARCH  
City, as a socio-economic system, has a number of 
particular qualities of functioning and development 
that distinguish it from other territorial socio-
economic systems. In scientific literature, a city is 
characterized as a diffuse system that functioning is 
not subject of strict laws, as a result of it can be de-
scribed using models that reflect the patterns of 
development of this system. Hence, the relative 
uncertainty of the development of the city. 
Another particular quality of the city is the high dy-
namism of functioning due to the concentration of a 
large number of interacting subjects within a limited 
territory. 

The city is located on a relatively small territory, 
which has legislatively fixed borders and the corre-
sponding legal status. At the same time, cities are 
characterized by a large concentration of the popula-
tion employed outside agriculture. 
The next particular quality is the relative independ-
ence of the city. In some cases, the city can act as 
an independent economic agent. With the existing 
management system at all levels, the absolute inde-
pendence of the city is impossible, primarily because 
of the financial dependence of local budgets on the 
federal budget. Periodically arising crises of various 
sizes further strengthen this dependence. 
The city is an integral system, which is characterized 
by a close interaction between the elements of this 
system. At the same time, the city is characterized 
by a sufficiently high differentiation of the constituent 
elements, which determines the ability of the city to 
adapt to the changing internal and external condi-
tions of functioning. 
A particular quality of the city as a territorial system is 
the availability of a developed production and social 
infrastructure. The maintenance and development of 
it requires constant financial investments from both 
local authorities and private investors. 
Historically, cities emerged as shopping centers. 
Today, cities are also a place for the concentration 
and development of science and culture. The consol-
idation of these functions outside the city has a cer-
tain influence on the choice of approaches to man-
aging it. 
It is necessary to take into account that the main 
goal of city management is raising the level and 
living standards in developing and making manage-
ment decisions aimed at the development of the city. 
In view of the various particular qualities mentioned 
above, it is obvious that a city as a territorial socio-
economic system cannot be described by a finite 
number of qualitative or quantitative indicators. 
Therefore, scientific research on urban problems is 
characterized by certain variability, due to the diversi-
ty of existing types of cities. 
Since the city is a fairly specific territorial socio-
economic system, assessing and predicting the sus-
tainability of its development requires special ap-
proaches and methods. 
Thus, the city can be defined as a specific integrated 
territorial socio-economic system characterized by a 
high concentration of the population, with relative 
political and economic independence, developed 
production and socio-economic infrastructure, and 
functions as an administrative, political, commercial, 
scientific and cultural center. 
In theory of sustainable development of the urban 
system includes a number of subsystems. The stable 
and effective development of the systems can lead 
to the achievement of sustainable development of 
the city. The main subsystems are: social, economic 

and environmental. The allocation of other subsys-
tems in most cases depends on the author's ap-
proach. At the same time, any of these subsystems 
can be considered from the point of view of the 
characteristics of one or another potential which is 
necessary for the functioning and development of 
the city. 
Potential is usually defined as, stocks, sources, 
which can be mobilized, put into action, used to 
achieve a specific goal, implement a plan, solve a 
problem. 
As a result of the analysis of literature, the invest-
ment potential was chosen as the basic indicator for 
the characterization of urban development. Using 
this indicator, you can assess the investment oppor-
tunities of the city. Also, the investment potential can 
be considered an indicator of "weak spots" in the 
economy of the city. 
The structure of investment potential of the city is 
currently under study. To characterize it, usually use 
a set of private potentials, representative of the re-
gional system. But, we are of the opinion that, the 
set of private potentials should be adjusted taking 
into account the peculiarities of the city as a territori-
al socio-economic system. 
Well-developed infrastructure social, economic and 
industrial infrastructure of the city determines the 
availability of infrastructure potential. The concentra-
tion of the science and education institutes in the city 
determines the availability of innovative potential. 
The fulfillment of the function of the shopping center 
is provided by the consumer potential. The high 
concentration of the population with a higher educa-
tional level determines the availability of labor poten-
tial in the city. Relative political and economic inde-
pendence of the city is possible with financial, eco-
nomic and saving potentials. 
It’s offered to define the investment potential of the 
city (IPG) as a functional system of its resources, 
which determines the investment opportunities that 
can be directed to meet the needs of the population 
and ensure the sustainability of the city's develop-
ment. 
As the regional investment potential, the city's in-
vestment potential is characterized by a set of pri-
vate potentials that determine its structure and influ-
ence its steady growth. The structure of the city's 
investment potential is determined by the features of 
the city as a territorial socio-economic system. 
As a result of scientifically literature analysis, four 
private potentials of the city development that deter-
mine its structure were identified: 
1) financial and economic potential (FEP) - reflects 
the state of financial resources of the city (budgetary 
funds, finance of the banking and insurance sectors 
of the city's economy, enterprise funds), as well as 
the cumulative result of economic activity of the city's 
population and characterizes labor resources and 
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their educational level. To assess the financial and 
economic potential, the following set of quantitative 
indicators is proposed: the volume of the taxation 
base, the surplus (deficit) of the city budget, the 
profitability of the main enterprises located at the 
townsite, the profitability of the city's banking sector, 
the profitability of the city's insurance sector, the 
number of investment projects implemented in the 
city, gross urban product (GUP) calculated per capi-
ta, the volume of fixed assets, the number of em-
ployed population, the number of officially registered 
as unemployed; 
2) innovative potential (InP) characterized as the 
level of development of science and the introduction 
of achievements in scientific and technological pro-
gress. To assess the innovative potential, the follow-
ing set of quantitative indicators is proposed: the 
educational level of the population (the population 
with higher education), the number of people em-
ployed in research and development area, the num-
ber of organizations with the main activity "research 
and development", the number of candidates and 
doctors of sciences, the number of patents for inven-
tions , licenses for utility models, the number of uni-
versities, including state and branches of universi-
ties; 
3) infrastructure potential (InfP), reflecting the infra-
structure security of the city. To evaluate the infra-
structure potential, the following set of quantitative 
indicators is proposed: the length of hard-surface 
roads, the dispatch of passengers by public railroad, 
the number of registered subscriber terminals for 
cellular communications, the number of organiza-
tions using information and communication technol-
ogies, the global information network, and gas sup-
ply, sewerage networks; 
4) savings potential (SP) - characterizes the aggre-
gate purchasing and investment capacity of the city's 
population or a set of opportunities that characterize 
the level of consumption and accumulation. To as-
sess the savings potential, the following set of quan-
titative indicators is proposed: the cost of a fixed set 
of consumer goods and services, the average 
monthly assessed salary, the volume of paid ser-
vices to the population, the volume of retail trade, the 
number of outlets per 1 resident, the number of cul-
tural institutions and leisure facilities per 1 resident, 
the area of living quarters per 1 resident, the number 
of own cars, the total savings of the population, the 
level of real incomes of the population, the ratio of 
minimum and average salaries, the share of wages 
in the GUP. 
The method of integral estimation of the city's in-
vestment potential is proposed. It’s based on the 
calculation of the system of indicators included in the 
integral indicator, the establishment of their weight 
coefficients by the degree of influence on the in-
vestment potential on the basis of correlation-

regression analysis. 
The proposed procedure for assessing the invest-
ment potential of the city includes several stages. 
Stage 1 - selection of the most significant indicators 
for assessing each private potential. To solve this 
problem, the elimination procedure was used, after 
which a necessary and sufficient composition of the 
indicators for the evaluation of each private potential 
was formed. 
Stage 2 - bringing the selected evaluation indicators 
to a comparable type. For this purpose, a valuation 
procedure was carried out. 
Stage 3 - the calculation of the integral indicators of 
each of the elements of the investment potential is 
proposed using the formula of the average arithmetic 
weighted, where the weights used to form the com-
ponents of the investment potential are determined 
by the results of the analysis of the correlation matrix 
of the indicators. 
Stage 4 - calculation of the final index of the invest-
ment potential of the city (IPC) as the sum of the 
values obtained for private potentials, taking into 
account the weight coefficients, which are deter-
mined by the results of factor analysis by the main 
components method: 
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where XIPC- an integral indicator of the level of in-
vestment potential of the city; 
Xi - the normalized value of the i-th private potential; 
ki - the weighting factor for the i-ith private potential. 
The obtained values of the weight coefficients are 
given in Table 1. 
The developed methodology makes it possible to 
quantify the investment potential of the city without 
using expert estimates and on the basis of the nec-
essary and sufficient set of indicators, which in-
creases the objectivity of the results. 

Table 1 
The estimated value of the investment potential and 
the weight coefficients of its components in the re-

gional centers of the CBEER with a population of up 
to 500 thousand people. in 2016 
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ture 
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tial 
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ings 

poten-
tial 

Kursk 0,61 0,22 0,11 0,06 0,5838 
Belgorod 0,71 0,23 0,04 0,02 0,5496 



131

their educational level. To assess the financial and 
economic potential, the following set of quantitative 
indicators is proposed: the volume of the taxation 
base, the surplus (deficit) of the city budget, the 
profitability of the main enterprises located at the 
townsite, the profitability of the city's banking sector, 
the profitability of the city's insurance sector, the 
number of investment projects implemented in the 
city, gross urban product (GUP) calculated per capi-
ta, the volume of fixed assets, the number of em-
ployed population, the number of officially registered 
as unemployed; 
2) innovative potential (InP) characterized as the 
level of development of science and the introduction 
of achievements in scientific and technological pro-
gress. To assess the innovative potential, the follow-
ing set of quantitative indicators is proposed: the 
educational level of the population (the population 
with higher education), the number of people em-
ployed in research and development area, the num-
ber of organizations with the main activity "research 
and development", the number of candidates and 
doctors of sciences, the number of patents for inven-
tions , licenses for utility models, the number of uni-
versities, including state and branches of universi-
ties; 
3) infrastructure potential (InfP), reflecting the infra-
structure security of the city. To evaluate the infra-
structure potential, the following set of quantitative 
indicators is proposed: the length of hard-surface 
roads, the dispatch of passengers by public railroad, 
the number of registered subscriber terminals for 
cellular communications, the number of organiza-
tions using information and communication technol-
ogies, the global information network, and gas sup-
ply, sewerage networks; 
4) savings potential (SP) - characterizes the aggre-
gate purchasing and investment capacity of the city's 
population or a set of opportunities that characterize 
the level of consumption and accumulation. To as-
sess the savings potential, the following set of quan-
titative indicators is proposed: the cost of a fixed set 
of consumer goods and services, the average 
monthly assessed salary, the volume of paid ser-
vices to the population, the volume of retail trade, the 
number of outlets per 1 resident, the number of cul-
tural institutions and leisure facilities per 1 resident, 
the area of living quarters per 1 resident, the number 
of own cars, the total savings of the population, the 
level of real incomes of the population, the ratio of 
minimum and average salaries, the share of wages 
in the GUP. 
The method of integral estimation of the city's in-
vestment potential is proposed. It’s based on the 
calculation of the system of indicators included in the 
integral indicator, the establishment of their weight 
coefficients by the degree of influence on the in-
vestment potential on the basis of correlation-

regression analysis. 
The proposed procedure for assessing the invest-
ment potential of the city includes several stages. 
Stage 1 - selection of the most significant indicators 
for assessing each private potential. To solve this 
problem, the elimination procedure was used, after 
which a necessary and sufficient composition of the 
indicators for the evaluation of each private potential 
was formed. 
Stage 2 - bringing the selected evaluation indicators 
to a comparable type. For this purpose, a valuation 
procedure was carried out. 
Stage 3 - the calculation of the integral indicators of 
each of the elements of the investment potential is 
proposed using the formula of the average arithmetic 
weighted, where the weights used to form the com-
ponents of the investment potential are determined 
by the results of the analysis of the correlation matrix 
of the indicators. 
Stage 4 - calculation of the final index of the invest-
ment potential of the city (IPC) as the sum of the 
values obtained for private potentials, taking into 
account the weight coefficients, which are deter-
mined by the results of factor analysis by the main 
components method: 
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where XIPC- an integral indicator of the level of in-
vestment potential of the city; 
Xi - the normalized value of the i-th private potential; 
ki - the weighting factor for the i-ith private potential. 
The obtained values of the weight coefficients are 
given in Table 1. 
The developed methodology makes it possible to 
quantify the investment potential of the city without 
using expert estimates and on the basis of the nec-
essary and sufficient set of indicators, which in-
creases the objectivity of the results. 

Table 1 
The estimated value of the investment potential and 
the weight coefficients of its components in the re-

gional centers of the CBEER with a population of up 
to 500 thousand people. in 2016 

 

City 

Weighted coefficients 

Esti-
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value 
of IPC 

finan-
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eco-
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poten-

tial 

inno-
va-
tive 
po-
ten-
tial 
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struc-
ture 

poten-
tial 

sav-
ings 

poten-
tial 

Kursk 0,61 0,22 0,11 0,06 0,5838 
Belgorod 0,71 0,23 0,04 0,02 0,5496 

Tambov 0,69 0,20 0,09 0,01 0,7983 
 

The obtained indicators can be analyzed in order to 
identify the priority for investing in the sphere of mu-
nicipal economy, as well as identifying problem areas 
and growth reserves to achieve sustainable devel-
opment of the city. 
Improving the management effectiveness of the 
city's investment potential in order to achieve its 
sustainable development is one of the most im-
portant tasks facing the local authorities today. One 
of the main tools in solving this problem can be the 
modeling of the processes of formation and man-
agement of the investment potential of the city. 
 
Economic and mathematical model building 
Modeling the process of managing the investment 
potential of the city is conducted on the basis of the 
theory of optimal design. General view of the pro-
posed model is: 
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Here, )(tF the objective function of the optimization 
problem, which is formed on the factor analysis data 
of the development the investment potentials of the 
regional centers of the CBEER. The problem of de-
termining the maximum value of the investment po-
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According to the results of the correlation-regression 
analysis, regression dependencies were constructed 
reflecting the change in the values of the financial, 
economic, innovative, infrastructural and consumer 
potentials of the cities ( 4n  in the following). 
The tasks of determining the time required to obtain 
the maximum possible investment potential of the 
city were solved, provided that the methods of city 
management don’t change for the three cities stud-
ied. 
For Kursk, the proposed optimization model is writ-
ten as: 
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The solution of this problem showed that the optimal 
value of the investment potential in Kursk was ob-
tained after 3.2 years. At the same time, the invest-
ment potential was 0.532. Taking into account the 
positive tendency of the change in the indicator un-
der study, it is possible to speak about the achieve-
ment of the next extremum in another 3.2 years. 
Thus, the constructed models allowed us to analyze 
the trends in investment potential for the cities under 
consideration and the periods when the optimal val-
ues of private potentials were reached, provided that 
existing methods and methods of controlling the 
indicator under study are preserved. 
A competent management of the investment poten-
tial can short the periods of achieving optimal values, 
and, consequently, increase the efficiency of using 
the accumulated potential. Today, one of the most 
common methods of urban management is the pro-
gram-target method. So, in the territory of the city of 
Kursk there are 17 targeted programs in various 
areas: urban development, industry, housing policy, 
health care, education, urban transport and commu-
nications, etc. Successful implementation can have a 
significant impact on the magnitude of the city's in-
vestment potential. Take into account the planned 
results from the implementation of targeted pro-
grams, it is possible to calculate the planned value of 
the investment potential of the city and to estimate 
the projected values of this indicator. 
The obtained forecast values of the investment po-
tential, reflecting various options for the development 
of urban economy, are presented in Table 2. 
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Table 2 
Forecast values of the investment potential of the 
city of Kursk, taking into account various develop-

ment scenarios 
 

Year 

Value of IPC 
without taking 
into account 
the results of 

the implemen-
tation of tar-
geted pro-

grams 

Value of IPC, 
taking into 

account the 
results of the 

implementation 
of targeted 
programs 

2017 0,6128 0,6536 

2018 0,6296 0,6907 

2019 0,6448 0,7278 

2020 0,6587 0,7649 

2021 0,6612 0,7758 
 
From the data given in Table 2, it can be concluded 
that successful implementation of targeted programs 
on the territory of a municipal formation can signifi-
cantly increase its investment potential. So the 
fulfillment of this condition for the city of Kursk can 
stimulate the growth of the investment potential of 
the city from 0.6165 in 2016 to 0.7758 in 2021. 
 
Conclusions 
Thus, the proposed economic-mathematical model 
can be used to manage urban development. On the 
basis of this model, it is possible to solve the prob-
lems of forecasting the rate of investment potential 
as the main indicator of sustainable urban develop-
ment. 
With the proposed model it is also possible to solve 
inverse problems. That is, to determine the quantita-
tive values of each of the potentials for a given value 
of the investment potential and known correlation 
coefficients. 
The model can also be used as a tool for analyzing 
strengths and weaknesses in urban development. 
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The existing building stock offers the greatest potential for cost-effective energy and carbon savings. But new strategies 
and approaches are necessary if European Union wants to increase the renovation rate and meet the expected decar-
bonisation target by 2050. Off-site construction through pre-assembled, pre-cast technologies for the insulation of exter-
nal walls adds significant benefits in terms of high-quality refurbishment, reduction of construction time and reduced 
disturbance to the occupants. Shorter installation time, reliable performances, and enhanced safety levels during con-
struction are crucial factors to address the faster adaptation of the building stock. Starting from these considerations, as 
a result of an European funded research project, an innovative prefabricated external insulation system has been devel-
oped in Italy, deploying the potential of off-site construction for large scale retrofitting of existing residential buildings. The 
overall retrofitting process has been guided by the principles of Design for Manufacturing and Assembly considering 
cost-efficiencies along all construction stages from the initial survey to the installation and maintenance of the innovative 
system. The solution has been tested on a real case study, a public housing development in Northern Italy, as described 
in this paper. 
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INTRODUCTION 
Energy retrofitting of existing building stock is a key 
priority of the European Union in order to cut the 
operational energy and reach the decarbonisation 
target for 2050. Buildings account for 40% of the 
EU's energy consumption, 36% of its CO2 emis-
sions1. Considering the slow addition of new build-
ings to the existing building stock, renovation to im-
prove the energy efficiency of the existing stock of 
buildings is vital to meet the EU’s targets.  
The current renovation rate of existing buildings is 
about 1- 2% each year, although it is estimated that 
renovation accounts for 57% of all construction activ-
ity. The building sector, one of the pillars of the Euro-
pean Union’s economy, is currently led by the reno-
vation of existing buildings, a dominance started in 
2009, especially in Member States where economic 
recovery measures have specifically targeted the 
energy renovation of existing buildings. The French, 
German and Italian energy renovation markets ac-
count for almost half of the EU total. The German 
market is by far the largest, accounting for 22% of 
the total2. 
The size of the EU energy renovation market could 
increase by almost half the current energy renova-
tion market if a 40% energy savings target is adopt-
ed for 2030, creating more than one million addition-
al jobs3. Meeting this target would require renovation 
rates to rise to almost 3%. For this reason, the Euro-
pean Union is facing a double challenge: increasing 

building renovation rates while aiming at achieving 
“deep renovations”.   
A deep energy renovation of the existing building 
stock, in addition to new nearly zero energy build-
ings, could reduce energy demand by 80% before 
2050 compared to 2012 levels. 
Even if there is no common definition for “deep reno-
vation” also in the European regulatory framework, 
it’s clear that it implies to raise the level of ambition 
for achieved energy performance and a deep emis-
sions reduction. The upgrading of the thermal enve-
lope of buildings is one of the most promising strate-
gies in terms of cost/benefit ratio; it enables the 
downsizing of heating and cooling equipment and 
offers also a significant potential for environmental 
improvement4.  
Off-site construction solutions through pre-
assembled, pre-cast technologies for the insulation 
of external walls add significant benefits in terms of 
high-quality refurbishment5, reduction of construction 
time and reduced disturbance to the occupants. 
Shorter installation time, reliable performances, and 
enhanced safety levels during construction are cru-
cial factors to address the faster adaptation of the 
building stock6. 
In this framework, the paper shows the output of a 
recent EU funded research project developed by 
Politecnico di Milano and aiming at the development 
of a systemic approach for the energy-efficient and 
cost-effective façade retrofitting of existing buildings 
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deploying the potential of external insulation prefab-
ricated panels. In particular, section 1 provides an 
overview on the research project and shows the 
design process behind the development of the outer 
off-site retrofitting solution for the façade. Section 2 
shows the production process of the prefabricated 
panels and section 3 presents the demonstration of 
the developed solutions on a real case study. Finally, 
conclusions are summarized in Section 4. 
 
1. METHODOLOGY: THE EASEE APPROACH 
The EASEE (Envelope Approach to improve Sus-
tainability and Energy efficiency in Existing multi-
storey, multi-owner residential buildings) research 
project addressed the establishment of an overall 
methodological framework finalized to the identifica-
tion of innovative technologies - and related as-
sessment and production tools – fostering cost and 
time reductions of façade retrofitting while reducing 
energy demand and discomfort for occupants during 
construction. In particular, the research set as target 
multi-storey and multi-owner residential buildings. 
These buildings characterize a large part of the exist-
ing European building stock (about 10 millions) dat-
ed back between 1925 and 19757 in an era where 
there was little or no consciousness about the need 
of energy efficient measures and therefore have the 
largest energy demand8. Considering the construc-
tion processes, these buildings are normally refur-
bished by construction SMEs, normally with low-
skilled work-force. This means that new approaches 
in energy retrofitting should require robust, fault tol-
erant and simplified processes to reach the expected 
improvement in the overall building energy perfor-
mance. In addition, considering the impact of the 
retrofitting process on the life of the occupants, tradi-
tional approaches need scaffolding on the outer 
façade for very long times: on average, between 1 – 
2 years for a 7-storey building due to the heavy re-
moval of materials and the wet processes involved 
for a typical ETICS (External Thermal Insulation 
Composite System, e.g. EPS + plaster), requiring 
occupants to seal the windows and prevent unde-
sired break-in, dust and noise. Besides, in many 
European countries, scaffolding represents an addi-
tional cost as the occupation of public ground is 
subject to taxation. Starting from these premises, the 
EASEE innovative approach (Figure 1) to the ener-
gy-efficient envelope retrofitting of the target building 
stock set the necessary framework that integrates 
retrofitting planning tools, customized off-site con-
struction scaffolding-free components and monitoring 
so as to get cost-effectiveness and quality through 
the overall process and support decision-making 
processes for both  SMEs and building owners. Be-
ing the EASEE retrofitting method based on off-site 
construction, with components which have the final 
appearance of the existing buildings without addi-

tional finishing on site, the first step of the retrofitting 
process consists in a careful assessment of the en-
velope both from structural and energetic point of 
view, as well as in terms of other non technical pa-
rameters and indicators that will be useful for the 
planning of the retrofitting intervention.  

 
Fig. 1. EASEE process logic 

 
2. PRODUCTION PROCESS OF THE PREFABRICATED 
PANELS  
By combining both geometrical and technological 
information about the existing façade, a Building 
Information Model (BIM) can been generated, also 
taking into consideration the different structural ele-
ments following the constructive logic of the building. 
An accurate geometrical reconstruction of the exist-
ing façades is necessary to derive plans, elevations 
and sections (2D) and a BIM model (3D). This could 
be performed using a geodetic network and laser 
scanning techniques. The 3D model of the existing 
building allows for the integration of information com-
ing from 2D drawings and the identification of the 
criticalities (e.g. out of plumb). In addition, it deter-
mines exactly the position of anchoring points of the 
new prefabricated panels for the on-site tracking. 
The BIM model become an input for the Retrofitting 
Planning tool (developed by IES within the project – 
as a partner of the consortium), providing design 
specifications for the off-site production of the com-
ponents, minimizing the number of shapes required 
and evidencing the critical points where specific 
solutions for the joints have to be adopted11.  
The result is a file containing all the necessary data 
for their manufacture. 
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Fig. 2. EASEE Design tool  
During the first stage of the project, different options 
for the prefabricated panels were investigated, tested 
and evaluated considering performances in the ser-
vice life in order to choose the best one. The select-
ed solution consists of a core of expanded polysty-
rene (EPS) laminated to two outer layers of textile 
reinforced concrete (TRC) of thickness equal to 10 
mm. Several tests in research laboratories at 
Politecnico di Milano - combined with dynamic simu-
lations - have been conducted before starting the 
production of the panels in order to investigate me-
chanical9, energetic and hygrothermal properties10. 
The height of the panel is equal to the height of the 
storey of the building on which the panel is applied 
(generally equal to 3 m). The width of the panel can 
be chosen by the designer in a range between 1.2 m 
and 2.4 m according to the geometry of the existing 
building. The panel is fixed to the existing structure in 
four points placed on the beams of the existing struc-
ture through special stainless steel anchors adjusta-
ble in the three space directions. 
Particular details of the anchoring regions were de-
signed in order to make placing procedure as simply 
as possible and to guarantee structural safety in 
service and extreme conditions, like fire. Such details 
were studied in order not to compromise the thermal 
performance of the façade by means of thermal 
bridges. 
A key role is played by the casting procedure: to 
reach the desired finishing it is necessary to cast the 
external face of the panel against a mold with a 
proper surface. A vertical casting mode (Figure 3) 
has been used to guarantee the good finishing and 
to minimize the footprint of machines in the prefabri-
cation plant. 
 

 
Fig. 3. Vertical casting system 

 

3. DEMONSTRATION ACTIVITIES ON A REAL EXISTING 
BUILDING 
In order to demonstrate the effectiveness of the pro-
posed approach, a real case study has been used in 
order to test the overall process of design – fabrica-
tion – installation and monitoring of the outer enve-
lope insulation panel.  
A public-owned 4-storey residential building, built in 
1971 in a suburban area close to Milan, has been 
selected as representative of the target building 
stock of the EASEE project (Figure 4). The existing 
building envelope is a poor insulated cavity wall with 
an outer steel reinforced concrete layer and an inner 
hollow brick layer covered with cement plaster. 
 

 
Fig. 4. Italian demo building 

 
The first step of the methodology that has been test-
ed regarded the implementation of the geometric 
survey in order to build a BIM model reproducing the 
real geometric irregularities of the structure and to 
make a correct design of the new envelope panels. 
The survey was executed through the use of the 
three-dimensional laser scanner combined with a 
CAD software in order to deliver 2D drawings: plans, 
elevations and all the main sections, both vertical 
and horizontal. Later, a three-dimensional geo-
referenced model has been built and used as a base 
for the design and optimization of the prefabricated 
façade elements and to fix the exact position of the 
anchors.  
 

 
Fig. 4. The 3D model of the Italian demo building and 
preliminary check of interferences on the new façade 
design.  
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The prefabricated panels have been casting the 
concrete in the vertical modular reconfigurable 
formwork with variable position shores, specially 
designed for the EASEE project. Using mixed pig-
ments in the TRM casting, it has been possible to 
obtain different coloration of the external layer. For 
the demonstration building three different colors 
have been used: white, natural and anthracite. In 
addition, by applying during the casting different 
silicone matrices, it was possible to imprint on the 
external layer of a number of selected panels, a 3D 
texture. The overall design of the facades considered 
opportunities of the optimization of the size and 
number of panels to be produced. The final design 
configuration consists of 186 panels divided into 28 
different types for size, color and texture finishing. 
During the design stage, it was also crucial to solve 
the critical points of the façade: the joints between 
the panels and the windows and/or loggias interfac-
es.  

 
Fig. 5. Detailed design at the point of the intersection of 
the existing façade and the prefabricated insulation 
panels where the anchors are fixed.  
 
In particular, the following requirements had to be 
fulfilled: the possible replacement of the damaged 
panels, the airtightness of the cavity between the 
panels and the existing façade, the necessary toler-
ances for the installation procedure and the inherent 
movement of the different façades elements.  
For this reason the joints has been sealed with a 
polyethylene cord coupled with an acrylic silicone 
with low modulus of elasticity. The infill bead allowed 

the perfect sealing of the expansion joints and the 
connection between panels, a solution that compen-
sates any movement avoiding cracks and detach-
ments and, last but not least, thermal bridges be-
tween the panels.  
The cavity between the panel and the existing fa-
çade has been treated to function as a non-
ventilated air chamber, and then as an additional 
resistive layer. For this reason, it was sealed on the 
perimeter through self-expanding polyurethane 
foams combined with the sealing strips to the air. 
The installation was carried out without scaffolding. 
The first step of the procedure involved the anchor-
ing tracing. A GPS total station was positioned on the 
network designed during the preliminary geometrical 
survey. Following, the different anchors were posi-
tioned starting from the bottom, in order to have a 
correct reference for the upper lines of the panels. 
Then the panels are lifted and placed in the right 
position by a crane through a special hook, anchored 
to the panel. An operator, positioned on an aerial 
platform, moved the panels to their final position. For 
each panels’ row, the cavity were sealed so as to 
minimize the convective air movements.  
The final stage, involving the sealing of the joints, 
has been always carried out using the mobile plat-
form. 
 

 
Fig. 5. Detailed design at the point of the intersection of 
the existing façade and the prefabricated insulation 
panels where the anchors are fixed.  



137

The prefabricated panels have been casting the 
concrete in the vertical modular reconfigurable 
formwork with variable position shores, specially 
designed for the EASEE project. Using mixed pig-
ments in the TRM casting, it has been possible to 
obtain different coloration of the external layer. For 
the demonstration building three different colors 
have been used: white, natural and anthracite. In 
addition, by applying during the casting different 
silicone matrices, it was possible to imprint on the 
external layer of a number of selected panels, a 3D 
texture. The overall design of the facades considered 
opportunities of the optimization of the size and 
number of panels to be produced. The final design 
configuration consists of 186 panels divided into 28 
different types for size, color and texture finishing. 
During the design stage, it was also crucial to solve 
the critical points of the façade: the joints between 
the panels and the windows and/or loggias interfac-
es.  

 
Fig. 5. Detailed design at the point of the intersection of 
the existing façade and the prefabricated insulation 
panels where the anchors are fixed.  
 
In particular, the following requirements had to be 
fulfilled: the possible replacement of the damaged 
panels, the airtightness of the cavity between the 
panels and the existing façade, the necessary toler-
ances for the installation procedure and the inherent 
movement of the different façades elements.  
For this reason the joints has been sealed with a 
polyethylene cord coupled with an acrylic silicone 
with low modulus of elasticity. The infill bead allowed 

the perfect sealing of the expansion joints and the 
connection between panels, a solution that compen-
sates any movement avoiding cracks and detach-
ments and, last but not least, thermal bridges be-
tween the panels.  
The cavity between the panel and the existing fa-
çade has been treated to function as a non-
ventilated air chamber, and then as an additional 
resistive layer. For this reason, it was sealed on the 
perimeter through self-expanding polyurethane 
foams combined with the sealing strips to the air. 
The installation was carried out without scaffolding. 
The first step of the procedure involved the anchor-
ing tracing. A GPS total station was positioned on the 
network designed during the preliminary geometrical 
survey. Following, the different anchors were posi-
tioned starting from the bottom, in order to have a 
correct reference for the upper lines of the panels. 
Then the panels are lifted and placed in the right 
position by a crane through a special hook, anchored 
to the panel. An operator, positioned on an aerial 
platform, moved the panels to their final position. For 
each panels’ row, the cavity were sealed so as to 
minimize the convective air movements.  
The final stage, involving the sealing of the joints, 
has been always carried out using the mobile plat-
form. 
 

 
Fig. 5. Detailed design at the point of the intersection of 
the existing façade and the prefabricated insulation 
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The monitoring of the building after the retrofitting 
demonstrated that the prefabricated insulation sys-
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account the overall benefits of the solutions, the 
panel can be considered a valid alternative of a tradi-
tional ETICS. 
 

 
Fig. 4. South-West elevation of the demo building after 
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Light weight is a very important design objective in the building construction industry. One way to achieve lighter weight is 
to fabricate building components using light-weight materials such as composites (fiber-reinforced plastics - FRP). Just as 
the machine tool industry has progressed from manual operations to CNC (computer numerical control) machining centers, 
the composites industry is moving from hand layup to automated processes. Unlike the machine tool industry that relies 
on subtractive processes, composites require additive processes. In order to take advantage of the directional strength 
characteristics of composites, the fibers must be placed layer by layer in orientations and patterns that optimize their 
strength and stiffness for a given form. The authors of this paper designed and fabricated a compact automated tape laying 
end-effector (ATLEE) to explore potential applications of carbon fibers in building construction elements. The automated 
system could lower the cost of custom-made shapes and increase their structural performances, allowing for the explora-
tion of highly differentiated and structurally optimized complex panels for the building construction industry. 
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BACKGROUND / INTRODUCTION 
During the last 20 years, the use of fiber reinforced 
plastic has significantly increased across various in-
dustrial sectors. The aerospace industry, including 
military and commercial aircraft, is still the major cus-
tomer for advanced composites, but the trend towards 
lightweight structures is slowly extending also to the 
building construction industry. Stories such as Apple’s 
new Campus Two creating the world’s largest free-
standing carbon fiber roof (fig. 1), Shanghai Disney-
land’s Tomorrowland utilizing composites to build a 
unique, futuristic experience (fig. 2) and ICD/ITKE re-
search pavilions (fig. 3) offer us examples of the shift 
towards the innovative and captivating designs made 
possible by composites. 
 

 
Fig. 1. Apple’s new Campus Two, the world’s largest 
freestanding carbon fiber roof. The circular roof is made 
up of 44 radial panels averaging 21 meters long and 3 
meters wide, and each connects to a small central hub 
positioned in the middle. It was assembled and tested in 

a Dubai desert before being shipped in pieces to Cuper-
tino, California, USA. It weighs 80 tons. It was inaugu-
rated in 2017. 

 
Fig. 2. Extensive sections of both the interior and exterior 
of the the new Shanghai Disneyland resort (opened in 
2016), covering a total area of over 2300 m2, were con-
structed from fire retardant (FR) gelcoated composite 
molded parts in several hundred of different complex 
shaped and sized components. 

 
Fig. 3. ICD / ITKE research pavilion made using drones 
and robots (A.Menges et al. 2016-2017)  
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The advantages of composites  
Composite properties directly translate to the needs 
of contemporary construction. Benefits include: 
- high strength-to-weight ratio; 
- environmental resistance – won’t corrode or rust, 

ideal for outdoor use, near water for instance; 
- longer fatigue life compared to steel or wood; 
- light weight makes composites easy to transport 

and move without heavy lifting equipment or ma-
chinery; 

- light weight also allows for building in areas with 
poor load bearing conditions; 

- can create parts with multiple materials to transition 
from composite to metal; 

- enables high volume factory-built housing or shel-
ters; 

- magnetic transparency and non-conductive ele-
ments support modern wireless transmissions such 
as wi-fi; 

- Selective reinforcement. 
 
FRP and deposition technologies: state-of-the-art 
Composites are defined as fiber reinforced plastics 
(FRP). Carbon, KevlarB, and glass are examples of 
fiber materials used in composites [1]. The plastic is 
referred to as the "resin" or "matrix." Two significant 
resin families are the "thermosets" and the "thermo-
plastics”. Thermoset resins permanently harden (or 
cure) when heated above a resin specific temperature 
for a given period of time. A commonly used thermo-
set resin is epoxy. For manual part fabrication, aircraft 
manufacturers typically purchase the "raw" thermoset 
composite material in the form of large, rolled up, 
sheets consisting of fibers pre-impregnated with resin 
("pre-preg"). The sheets measure a few tenths of a 
millimeter in thickness, can be over one meter in 
width, and frequently are more than one hundred me-
ters in length. Usually, the material is conditioned to 
be soft, sticky and easy to work with for the lay-up 
technician. To ease handling, the thermoset compo-
site material is often attached to a non-sticky, remov-
able backing paper. Among the advantages of ther-
moset over thermoplastic materials are lower price, 
higher service temperatures, and greater processing 
experience within the aerospace industry. Disad-
vantages include toxicity (for uncured resins), limited 
shelf life (they need to be stored in freezers) and rel-
atively complex and expensive cure processes (Auto-
clave). The other major matrix family is the "thermo-
plastics," of which nylon is a well-known member. 
However, Polyetheretherketone (PEEK) is an exam-
ple of a more commonly used matrix in the aerospace 
industry. Members of this family become soft and pli-
able each time they are heated above a certain mate-
rial specific temperature usually referred to as the 
"glass transition temperature". One can form and fuse 
thermoplastic materials simply by applying pressure 
and heat. Key advantages of these materials over 

thermosets are virtually unlimited shelf life, fast pro-
cessing (no curing), and high impact resistance. 
Some disadvantages are low service temperatures, 
and high material costs.  
Automated Tape Laying (ATL) and Automated Fibre 
Placement (AFP) are the two main technologies that 
are employed today to manufacture advanced com-
posite laminates from unidirectional pre-pregs. ATL is 
employed to deliver wide prepreg tape onto a surface 
whilst automatically removing the ply backing. Layup 
speed, tape temperature, speed and tape tension can 
be controlled during layup. AFP is similar to ATL but 
utilises a band of narrow prepreg slices, which are col-
limated on the head and then delivered together. In 
literature, the process is widely studied and dis-
cussed. A review of ATL layup was published by Grim-
shaw [2], however this source covers only a single in-
dustrially relevant equipment supplier. Similarly, Ev-
ans [3] published a review of AFP systems only per-
taining to a single industrial system. Short introduc-
tions to different aspects ATL and AFP are also given 
by Åström [4], Campbell [5] and Gutowski [6]. Sloan 
[7] has published an industrially focused overview of 
ATL and AFP. Lukaszewicz, Ward and Potter have 
published a paper [8] where the state of the art for 
both technologies is widely discussed. 
 

 

 

 
Fig. 4. Computer numerically controlled machines and 
robotic systems lay one or several layers of carbon fiber 
tape or tows onto a mold to create a structure. Typical 
applications include aircraft fuselages and wing skins. 
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Fives Group (ex MAG Cincinnati and Forest-Line), Inger-
soll Machine Tools Inc., MTorres, Electroimpact, Auto-
mated Dynamics, Coriolis are some of the leading man-
ufacturing companies of ATL and AFP. 
 
Much of the recent development in ATL/AFP has 
been aimed at producing preforms for subsequent 
consolidation via autoclave, press, diaphragm 
forming, stamping, vacuum bag/oven, and other 
methods.  While this approach may be appropriate 
for certain applications it is not ideal; a true additive 
manufacturing technology without post processes 
is desired [9]. As we enter the age of mass custom-
ization we need flexible “out of autoclave” (OoA) 
processes. 
 
APPROACH 
A combination of experimental work and numerical 
modelling is required to investigate the physical 
mechanisms that play a role during the ATL pro-
cess. In order to understand the key mechanisms 
of the ATL process, the authors designed and built 
an ATL end-effector (ATLEE). Experiments are 
conducted by varying the process settings, such as 
heat power and placement speed, measuring the 
temperature distribution and the compaction force. 
Physics-based models are developed to support 
the analysis and to work towards a predictive pro-
cess modelling tool for the ATL process. 
The ATLEE relies on a small heat affected zone 
(HAZ) to heat and bond the incoming tape to the 
laminate with a single compaction device.  This al-
lows for a compact head design providing the abil-
ity to fabricate complex structures.  A functional di-
agram of the head design is illustrated in the figure 
below. 
 

 
Fig. 5. ATL bonds thermoplastic tape onto a substrate by 
using a heat source and a consolidation device. 
 
The system uses a robot to automatically place the 
material and build a structure one ply (layer) at a 
time. A thermoplastic pre-impregnated tape is 
heated above its melting temperature. Subse-
quently, pressure is applied with a compaction 
roller to consolidate the tape with the previously 
laid-down plies.  

 
Fig. 6. Exploded view of the ATLEE, constituted by sev-
eral elements: 1-motor and spool system, feed and guide 
system roller; 2-fiber cutting device; 3-encoder; 4-IR de-
vice for measuring temperature; 5-load cell for measur-
ing compaction force; 6-heat source. 
 

 
Fig. 7. CNC milled aluminium parts of the end-effector 
 

 
Fig. 8. ATLEE functional diagram and a picture of the 
built prototype. The end-effector has been designed to 
process thermoplastic composite materials. The thermo-
plastic material (1) is wrapped in a coil and placed near 
the end-effector. The tape goes through two counter-ro-
tating rollers (2), then it slides into guides until it reaches 
a cutting device (3). Once the cutting line has been 
reached, the tape enters a last guide, until it reaches the 
point where it is hit by the flow of hot air (4). The air trans-
fers heat to the tape by forced convection. The pressure 
is applied with a compaction roller (5). 
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Software environment 
An important part of the whole system is the control 
software. The authors wrote a custom algorithm by 
using the graphical algorithm editor Grasshopper3d, 
the add-ons Hal Robotics and Firefly; sensors and ac-
tuators are controlled through the microcontroller Ar-
duino Mega 2560. The algorithm controls the robot 
motion and technology parameters like: tape laying 
speed, compaction force, heat source temperature. 
The software can also analyse fiber direction and per-
form simulation to avoid collision of the robot with the 
mould. Other software includes: SolidWorks, by Das-
sault Systemes, for the creation of the individual com-
ponents, the entire CAD model of the end effector and 
the related shop drawings for fabrication. Arduino IDE, 
used for programming the Arduino microcontroller. 
Matlab and Simulink by MathWorks, for data pro-
cessing. 

 
Fig. 9. Hardware-software environment. 
 

 
 
Fig. 10. Graphic interface Arduino-Atlee created 
through the Grasshopper plug-in for Rhino. The algo-
rithm integrates and controls tape laying speed/position, 
compaction force, heat source/tape temperature. 
 

 
Fig.11. Robotics provides active control over all process 
critical variables, making the process highly controllable 
and repeatable. 
 

Deposition experiments 
The sequence of operations needed to lay one tape 
is: 
- Position the tape head above the beginning of the-
tape path. 
- Lower the tape head down to the tool surface, such 
that the beginning of the tape is placed on the border 
of the lay-up region. 
- Activate compaction force measurement and control. 
- Move along the desired tape path. 
- Cut the tape at the region border. 
- Move the tape head away from the surface. 
 
During the tests, a series of strips of material (12.7mm 
width) was processed in a stratified manner. The ma-
terial is the Cetex TC1100-PPS-AS4, provided by Ten-
Cate. The choice of the composite based on Polyphe-
nylene Sulfide (PPS) compared to Polyetherether-
ketone (PEEK) is due to the greater ease in its pro-
cessing, thanks to a significantly lower melting tem-
perature (PPS: 280 °C; PEEK: 343 °C). 
The relative pressure of the air circulating in the hot 
gas torch (HGT) is regulated by the pressure gauge 
at 0.08 MPa; this setting allows to reach 750°C, the 
maximum working temperature of the heater. During 
the depositions, the temperature of the tape is ac-
quired, near the welding point, through the infrared 
pyrometer, using a frequency of about 1 Hz.  
 

      
Fig. 12. The force sensor measures the compaction force 
(left), whilst the infrared pyrometer measures the temper-
ature near the melting point (right). 
 

      
Fig. 13. Positioning of the thermocouple to evaluate the 
temperature of the mold (left); pattern of tape layers 
(right). 
 
At the end of each band, any tows in process are cut 
and the robot moves to the start of the next band. The 
process is repeated band-by-band until each ply is 
complete and ply-by-ply until the final part geometry 
is achieved. 
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The authors carried out a series of tests for the cali-
bration of the machine, from which the experimental 
curves for the correct setting of the system are ob-
tained.  
 

 
Fig. 14. Graph of the tape temperature trend of TC1100-
PPS-AS4 as the feed rate and temperature of the air 
heater vary. 
 
Several experiments on different moulds having com-
plex geometries have been conducted. 
 

 

 
Fig. 15. Deposition test on a curved aluminium mould 
(catenary shape). 
 
In order to take advantage of the directional strength 
characteristics of composites the fibers must be 
placed layer by layer in orientations and patterns that 
optimize their strength and stiffness for a given shape. 
Topology optimization is a useful tool for defining the 
region of reinforcement, allowing for material cost 
savings. A pyramid-like shape was choosen for testig 
Topology optimization design and manufacturing. 
 

 
Fig. 16. Displacement diagram, moment’s diagram, 
stress lines of principal moments at t1, stress lines of 
principal moments at t2 of a pyramid-like shape. 
 

 
Fig. 17. Topology optimization design 
 
The authors performed a deposition experiment on a 
pyramid-like shape to create a pattern composed of 
a net of carbon fiber strips. 
 

 
Fig. 18. Tape deposition on a pyramid-like shape. 
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The authors performed a deposition experiment on a 
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Fig. 18. Tape deposition on a pyramid-like shape. 

 
Fig. 19. Thermoforming process. Fibers are welded be-
tween two thermoplastic sheets. 

 

  
Fig. 20. Pictures of a built mock-up. Dimensions: 8 
modules 300x500x200mm, bounding box 
600x2000x200mm. 
 
A final prototype consists of a series of panels assem-
bled as a hanging structure, it could also be config-
ured as a wall, a ceiling, a column, a truss. The size 
and shape of the final assembly is the combination of 
elements, by adding, subtracting, dividing or multiply-
ing the measure of the initial unit. The robotic produc-
tion method is very versatile and allows to perform 
variation and differentiation in pattern. 
 

CONCLUSIONS 
The process the authors investigated is a promising 
manufacturing technology for fiber reinforced thermo-
plastics. The process uses high heat and pressure to 
consolidate structures in-situ, without post-cure. 
Combined with a topology optimization design, the 
system enables highly tailored lay-ups in near-net-
shaped parts, while reducing the amount of manual 
labor. The experimented construction method facili-
tates the realization of mass-customized and structur-
ally optimized elements for the building construction 
industry. 
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This paper examines a new wooden building construction method which uses engineered wood and CNC routers to build 
simple buildings in a quick and inexpensive way in the wake of disaster. The method does not have to use skilled labor 
or sophisticated construction equipment. The primary innovations of this construction method lie in the engineered wood 
fabrication and digital fabrication technology. In the case of disaster relief, using the construction process as a commu-
nity organization method is essential for successful implementation. The experience of the Great East Japan Earthquake 
in north-east Japan, the area damaged by a series of earthquakes and tsunami in March, 2011, highlights how important 
it is to bring both technical and social skills to disaster reconstruction.  

 
Keywords: engineered wood, CNC machine, empathy, mutually-built, disaster reconstruction 
 
BACKGROUND 
The Veneer House Project began in the wake of the 
2011 the Great East Japan Earthquake and Tsunami 
in Japan. After witnessing this disaster, the author 
and the Kobayashi Laboratory at Keio University be-
gan developing a strong and flexible structural sys-
tem based on CNC routed plywood components. 
This system allows a structural frame to be assem-
bled quickly without advanced tools or knowledge of 
architecture. Moreover, the involvement of final us-
ers in the construction process engenders a closer 
relationship between that persons and architecture, 
thereby increasing mutual attachment. There is a 
promising and inherent potential in its active use af-
ter the completion. In the field of architecture so-
called embodiment design tends to go with self-build 
methodology, which allows people to build a building 
by themselves for recovery projects after natural dis-
aster, or Monodzukuri ‘fabrication’ in recent years. It 
is also a critical attitude responding to the tendency 
that people have of relying too much on advanced 
information technologies where people no longer 
touch the construction process, even as specialized 
profession. 
The first Veneer House was built in 2012 in Minami-
Sanriku, Japan as a community center for tsunami 
victims. Another project in Maeamihama fishermen’s 
village, in Ishinomaki, Japan was completed the fol-
lowing year, with improved technology using a CNC 
router. The building system has continued to be de-
veloped along with newer projects in disaster 
stricken regions in Myanmar, the Philippines, Nepal, 
and European cities where refugees and immigrants 
need temporary houses. These projects are shown 
as follows to introduce the process of developing 
flexible and spontaneous technology which can be 
helpful in the situation of post-disaster area1. 
 
MINAMI-SANRIKU VENEER HOUSE 
Minami-sanriku, Miyagi, Japan, 2012 

There has been a vital need for improvements in the 
environments of temporary housing after the Great 
East Japan Earthquake, there have also been a 
number of requests for public bathing facilities. In-
stead of bathing privately, many local residents wish 
to bathe in spacious baths communally. A public 
bathing facility was anticipated to encourage the 
strengthening of bonds within the community.  
The Minami-sanriku Veneer House was designed 
and constructed as the first phase of a public bath 
project with its objective to serve as a casual gather-
ing space for local residents. The project used ve-
neer boards made from local forest thinning which 
and was assembled by amateurs. It demonstrates a 
unique construction method which is simple, fast, 
cost-effective, and contributes to both the local in-
dustrial development and environmental improve-
ment. 
This construction method is easy to build and can 
also be disassembled and relocated, making it suita-
ble for disaster sites and urgent or temporary build-
ing demands. Construction time can be further re-
duced by prefabricating building components. 

 
 

 
 
Fig.1. First Veneer House in Minami-sanriku as a com-
munity center for the tsunami victims 
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MAEAMIHAMA VENEER HOUSE 
Maeamihama, Ishinomaki, Miyagi, Japan, 2013 
The Maeamihama Veneer House is a community 
center for a town damaged severely by the tsunami. 
The building includes a gathering space and a store-
house for the victims. It was constructed by volun-
teers of the local fishermen's union using local forest 
thinnings for material. The entire construction pro-
cess was diagrammatically illustrated in a construc-
tion manual, so that the process could be easily un-
derstood without design drawings. This method re-
duced errors during construction and ensured that all 
personnel were able to understand the sequence of 
construction. In addition to the manual, the construc-
tion progress was shared in detail among all persons 
involved through the internet. This Veneer House, 
which repurposes local resources using advanced 
prefabrication technology, is one step in the explora-
tion and development of an innovative “fast, low-
cost, and easy” construction method. 

 
 
 
 
 

 
MANAWHARI LERNING CENTER 
MANAWHARI, Ayeyarwady, Myanmar, 2013h 
The Manawhari Learning Center, located in the 
Ayeyarwady region of Myanmar, was constructed 
with the local villagers of Manawhari, where migrants 
moved in after a consecutive large scale hurricane 
and severe drought in southern areas. This provin-
cial village suffers from poor sanitary conditions and 
educational opportunities, as disparities grow be-
tween cities as a consequence of democracy and 
globalization. Through construction and manage-
ment, the project aims to improve the local living en-
vironment, and also to empower the community and 
enhance their bonds. In order to make the construc-

tion as easy as possible, building components are 
kept to a minimum which simplifies the procedure. 
The building was constructed using only hammers 
and saws, since electricity was not available at the 
site. Plywood boards were used for structure and lo-
cal materials such as bamboo were used for finish-
ing, respecting both the local craftsmanship and 
building culture.  

 
 
Fig.3. First Veneer House using CNC router to prepare 
pieces for assembly and built by local amateur commu-
nity members 

 
 
Fig.2. Wooden beam connected by joinery inserting 
boards into precut notches  

 
Fig.4. Fishermen worked to build their own meeting 
place 

 
 
Fig.5. Local building technique is applied to exterior finish 
to maintain their local architectural culture 
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COGON DAY-CARE CENTER  
Barangay Cogon, Balilihan Bohol, Philippines, 2014 
The rural town of Cogon sits on Bohol Island, a re-
gion hard hit by the 2013 Philippines Earthquake. 
With a population of around 700, Cogon’s resources 
are limited and a day-care center was, until recently, 
located in the town’s small chapel. This project 
aimed to create a new day-care center and commu-
nity space for the people of Cogon. 
All structural components for the building were pre-
cut using a CNC facility at Bohol Island State Univer-
sity’s Fab Lab. To further streamline the process, 
wood joinery techniques were applied including 
wooden wedges, which allowed the structural frame 
to be assembled without glue, nails, screws or power 
tools. After conducting a workshop with local children 
and families, construction commenced with citizens 
and students from Keio University taking equal part. 
Local materials including woven bamboo panels 
serve as the skin for the structural skeleton and tie 
the building to the architectural traditions of Bohol. 

 
 

 
CHARIKOT VENEER HOUSE 
Charikot, Dolakha, Nepal, 2015 
This Charikot Veneer House is a single family home 
prototype built in Charikot, Dolakha, a part of Nepal 
severely damaged by earthquakes in 2015. Tradi-
tionally, Nepali construction relies on brick and ma-
sonry walls. These structures are heavy and inflexi-
ble which can lead to disastrous results, as seen in 
the recent earthquake. Conversely, the Veneer 
House employs a lightweight and flexible structural 
frame which is suitable for seismically active regions. 
To create the Charikot Veneer House, the Kobayashi 
Lab partnered with Dolakha Plywood Inc., a plywood 
manufacturer based in Charikot. Sourcing materials 
locally allowed project stakeholders and the local 

 
 
Fig.7. Structural model of Cogon Day-care Center 

 
 
Fig.6. Combination of Veneer House structure and local 
woven bamboo wall 
 

 
 
Fig.8. Appearance of local architecture 
 

 
Fig.9. Wood wedge joinery reduces complexity of con-
struction 

 

 
 
Fig.10. First wooden house in Dorakha 
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Fig.10. First wooden house in Dorakha 
 

community to participate during the development 
and the construction process. 
This home prototype is only the beginning of what 
could be a significant contribution to the reconstruc-
tion and recovery of Nepal in the wake of the recent 
disaster. Through Veneer House, an architecture 
that not only merges with the local environment, but 
more importantly, create a bond with the local people 
and people that living in this house. 

 
VIS VENEER TEA HOUSE 
Vis Island, Croatia, 2016 
This tea house was built to demonstrate the Veneer 
House construction as a temporary house for the im-
migrants from the Middle East and African countries 
and introduce the architecture and culture of Japan 
to the Croatian island of Vis. The simple pavilion will 
be used for cultural exchange between the two coun-
tries as well as a test case for preparation of tempo-
rary houses. Plywood panels were prepared in Italy 
and were then taken to Slovenia for CNC machining. 
The prefabrication process involved workshops for 
local high school students. The precut pieces were 
then brought to Vis where they formed the structural 
frame of the pavilion. The light construction of the 

tea house contrasts strongly with the surrounding 
stone masonry buildings while acknowledging the 
site and views to the ocean beyond. It is recognized 
by the community in Vis as a new proposal to pre-
pare for the unpredictable future of architecture by 
engaging with a different cultural background. 

 
 
VENEER HOUSE KUMAMOTO & MINIMAL VE-
NEER HOUSE 
Kumamoto, Japan, 2017 
Slovenj Gradec, Slovenia 2017 
VHK (Veneer House Kumamoto) is the smallest in 
the Veneer House series, and yet a 5m2-plus 
wooden unit can be used as a house unit to sleep in 
an emergency, a yatai (vendor stall) for community 
events, an office meeting booth, and so on. When 
needed it can be assembled, and when unneces-
sary, it can be disassembled and stored. 
Decreasing the milling process from VHK and having 
shallow mill for straight cut by hand allows people to 
construct a building in simpler way. Without the use 
of nails and screws, as well as the wooden wedge, 

 
 
Fig.12. Tea house demonstrating simple wooden con-
struction 

 
 
Fig.13. Precut pieces were brought into the site and the 
structure was constructed without complication 
 

 
 
Fig.14. Smallest unit can be applied to temporary use to 
enhance empathy of community members 

 
 
Fig.11. Interior using local plywood 
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Minimal Veneer House’s simple and convenient con-
struction method allows various kinds of people to 
get involved in their own architecture.  
In fall 2017, this method was applied to a small test 
shelter unit for the refugees in Slovenia, which was 
composed of 3 units as a family type. 
 

 
 
NO-NAIL VENEER BEACH HOUSE  
Fujisawa, Kanagawa, Japan, 2017 
The No-Nail Veneer Beach House is a temporary 
beach pavilion built to celebrate summer activities on 
Enoshima East Beach, where 2020 Olympics events 
will be held. Its simple arch shape is made up of only 
6 different types of components, allowing for a fast 
and easy construction process. The 90 sqm arch 

structure was assembled within 3 hours with 16 peo-
ple. A flush joinery was developed to make the sur-
face of the roof top flush in order to put membrane 
as roof finish. The pavilion is used solely for 2 
months in summer, so it will be erected and disas-
sembled each year. The beach pavilion accommo-
dates functions including a lifeguard’s office, a first-
aid station, and a beach radio station. Since there is 
no nail or screw used for the construction, the beach 
is kept safe and clean after its disassembly. The sim-
ple foundation made of LVL (Laminated Veneer 
Lumber) and sand bags filled with beach sand re-
duce the storage, transport, and construction costs. 
 

Fig.19. Wooden interior accommodating small booths 

 
 
SLOVENJ GRADEC COMMUNITY PAVILION  
Slovenj Gradec, Slovenia, 2017 
The pavilion was built in a forest behind industrial 
high school in Slovenj Gradec in Slovenia in order to 
promote local wooden building industry in the region 
which was diminished some decades ago. It will be 
used for gathering, presentation, event holding, and 
other functions by the students and neighbors. 

  
Fig.16. Connected Minimal Veneer House shelter for family in 
Slovenj Gradec and its composition 
 

 
Fig.17. No nail or screw makes beach safe and clean 
 

 
 

 
 
Fig.18. Flush wooden joinery allows us to put membrane 
on the top of roof 
 

 
Fig.19. Wooden interior accommodating small booths 
 

 
Fig.15. Unit can be used as vendor, tea house, and play-
room for kids as well as temporary sleeping shelter 
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Post and beam structure using local plywood is com-
posed of simple elements which were cut by CNC 
router of the high school and by hand saws. Repeti-
tion of assembly of the same columns and beams 
makes construction faster and easier. Open struc-
ture system will promote open relationship between 
people and the space. 

Fig.20. Open structural system welcomes people 

Fig.21. Structural system composed of repetitive col-
umns and beams 
 
 
CONCLUSION  
The Veneer House project has aimed to develop a 
new building method for easily and cheaply building 
structures from engineered wood, a modular and en-
vironmentally friendly material. This material can be 
cut either by hand with saws, or with digitalized CNC 
routers, and these parts are assembled into a struc-
tural frame without the need for specialized 
knowledge or tools. In disaster zones where skilled 
workers and heavy machinery are in short supply but 
the need for new buildings is great, a construction 
method that ordinary people can implement on their 
own has huge merit. Furthermore, through the pro-
cess of assembling the structure, each participant 
becomes a stakeholder. This construction method 
thus has the added value of helping restore commu-
nity ties and increasing people’s attachment to their 
neighbors. The designer and his team continue to re-
vise the design with the goal of achieving a strong 
and more efficient structure that can be created with 
fewer materials to better prepare for an unpredicta-
ble future. 
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In April 2016, a large earthquake hit Kumamoto in Japan. This 2016 Kumamoto earthquake was a shallow earthquake. In 
this earthquake, many wooden houses collapsed due to the large aftershocks. Many lives were lost and injured in the large 
aftershocks because a large aftershocks occurred when people came back from their shelter to their wooden houses 
damaged by the first main shock. They did not know that those houses were unsafe. 
Under these circumstances, expectations are running high for Structural Health Monitoring (SHM). Using this system, we 
can know safety and health of structures and detect damages and help for repairing after earthquake. The 2016 Kumamoto 
earthquake highlighted, the necessity of this SHM system for buildings, especially wooden houses. The system should be 
able to diagnose simply and quantitatively.  However, this type of SHM system has two problems for wooden houses. First 
one is that it is difficult to show quantification of collapse margin of wooden houses using this system. The other is that the 
accuracy of this system for wooden houses is uncertain. Therefore, the purpose of this paper is quantification of collapse 
margin of wooden houses focused on aftershocks using SHM system. 
In this research, using shaking table tests of wood frame houses of two-story and three-story, we investigated modal 
parameters of those houses and estimated inter-story displacement when a large aftershock happened based on Capacity 
Spectrum using foreshock. Finally, we showed quantification of collapse margin of wood frame houses. 

 
Keywords: Structural Health Monitoring, Wood-Frame construction, Capacity Spectrum 

 
INTRODUCTION 
On April 14th, 2016 at 9:26 pm (Local Time), a large 

earthquake which magnitude was 6.5 (JMA Seismic 
Intensity-7) hit in Kumamoto area of Kyushu in Japan, 
followed by the second one which magnitude was 7.3 
(JMA Seismic Intensity-7) on April 16th,   2016 at 1:25 
am1. 
In Kumamoto earthquake, many large aftershocks 

occurred in the same place a short period time. It was 
the first time the Meteorological Agency measured 
two large earthquakes in a short period time. 
There were 4,131 earthquakes with a seismic inten-

sity greater than 1 and 23 earthquakes with a seismic 
intensity greater than 5. Due to many aftershocks, 
many wooden houses and building collapsed in Ku-
mamoto and Oita prefecture. 

Table 1. Earthquake Summary 
Date(2016) Time  Hypocenter Magnitude 

14 April 9:26 PM Kumamoto 6.5 
16 April 1:25 AM Kumamoto 7.3 

 
 Many wooden houses did not collapse when the first 
main shock occurred. However, when the second 
main shock happened many wooden houses col-
lapsed. In fact, 8,315 houses completely collapsed, 
31,312 houses partially collapsed, and 134,995 

houses were damaged in Kumamoto in a series of af-
tershocks1. 
 Many lives were lost and injured in the large after-
shocks because the large aftershocks occurred when 
people came back from their shelter to their wooden 
houses damaged by the main shock. They did not 
know that those houses were unsafe. 
 Under these circumstances, expectations are run-
ning high for Structural Health Monitoring (SHM). Us-
ing this system, we can know safety and health of 
structures and detect damages and help for repairing 
after earthquake using acceleration sensor. By the 
2016 Kumamoto earthquake, the necessity of this 
SHM system for buildings, especially wooden houses, 
is increasing. The system should be able to diagnose 
simply and quantitatively. However, this type of SHM 
system has two problems for wooden houses. First 
one is that it is difficult to show quantification of col-
lapse margin of wooden houses using this system. It 
is because we usually judge health of structures 
based on inter-story drift angle in this system. The 
other is that the accuracy of this system for wooden 
houses is uncertain. 
 On the other hand, Capacity Spectrum is getting a lot 
of attention as estimation of collapse margin. This 
method, a performance-based seismic analysis tech-
nique can be used for a variety of purposes such as 
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Table 1. Earthquake Summary 
Date(2016) Time  Hypocenter Magnitude 

14 April 9:26 PM Kumamoto 6.5 
16 April 1:25 AM Kumamoto 7.3 

 
 Many wooden houses did not collapse when the first 
main shock occurred. However, when the second 
main shock happened many wooden houses col-
lapsed. In fact, 8,315 houses completely collapsed, 
31,312 houses partially collapsed, and 134,995 

houses were damaged in Kumamoto in a series of af-
tershocks1. 
 Many lives were lost and injured in the large after-
shocks because the large aftershocks occurred when 
people came back from their shelter to their wooden 
houses damaged by the main shock. They did not 
know that those houses were unsafe. 
 Under these circumstances, expectations are run-
ning high for Structural Health Monitoring (SHM). Us-
ing this system, we can know safety and health of 
structures and detect damages and help for repairing 
after earthquake using acceleration sensor. By the 
2016 Kumamoto earthquake, the necessity of this 
SHM system for buildings, especially wooden houses, 
is increasing. The system should be able to diagnose 
simply and quantitatively. However, this type of SHM 
system has two problems for wooden houses. First 
one is that it is difficult to show quantification of col-
lapse margin of wooden houses using this system. It 
is because we usually judge health of structures 
based on inter-story drift angle in this system. The 
other is that the accuracy of this system for wooden 
houses is uncertain. 
 On the other hand, Capacity Spectrum is getting a lot 
of attention as estimation of collapse margin. This 
method, a performance-based seismic analysis tech-
nique can be used for a variety of purposes such as 

rapid evaluation of a large inventory of buildings, de-
sign verification for new construction of individual 
buildings, evaluation of an existing structure to identify 
damage states, and correlation of damage states of 
buildings to various amplitudes of ground motion2. 
The Capacity Spectrum Method was developed by S. 
A. Freeman for frame buildings2. K Kusunoki. et al 3,4,5 
developed the residual seismic capacity evaluation 
system with capacity spectrum method for RC struc-
ture. 
 Thus, the purpose of this thesis is quantification of 
collapse margin of wooden houses based on Capacity 
Spectrum using SHM system. 
 
CAPACITY SPECTRUM 
 Capacity Spectrum is getting a lot of attention as es-
timation of collapse margin. The Capacity Spectrum 
Method is a performance-based seismic analysis 
technique can be used for a variety of purposes such 
as rapid evaluation of a large inventory of buildings, 
design verification for new construction of individual 
buildings, evaluation of an existing structure to identify 
damage states, and correlation of damage states of 
buildings to various amplitudes of ground motion2. 
This method consists of two curves. They are the ca-
pacity curve and the demand curve. The capacity 
curve means the capacity of the structure. The de-
mand curve means the seismic demand.  
The procedure compares the capacity of the struc-

ture (in the form of a pushover curve or skeleton 
curve) with the demands on the structure (in the form 
of a response spectrum). The graphical intersection of 
the two curves approximates the response of the 
structure 2.  
Each of these two curves is described below. 

 
Capacity curve6 

 The overall capacity of a structure depends on the 
strength and deformation capacities of the individual 
components of it. In order to determine the seismic 
capacity beyond the elastic limits, some form of non-
linear procedure, such as a push over analysis or 
skeleton curve based on measurement data, should 
be performed. As the name implies, in the pushover 
method the structure is pushed, incrementally, in the 
horizontal direction with a prescribed loading pattern 
until the structure reaches its limit state. The total 
base shear is then plotted versus the maximum (roof) 
displacement to define the capacity curve of the struc-
ture. 
 The inelastic load displacement curve for the struc-
ture is converted into a plot of spectral acceleration 
against spectral displacement, known as the capacity 
spectrum curve. This is done in accordance with 
Equation (1) and (2) as follows: 
 
 

𝑆𝑆𝑎𝑎 =
(∑𝑚𝑚𝑘𝑘𝜙𝜙𝑘𝑘2)(∑𝑚𝑚𝑘𝑘)

(∑𝑚𝑚𝑘𝑘𝜙𝜙𝑘𝑘)2
𝑉𝑉
𝑊𝑊 𝑔𝑔 

𝑆𝑆𝑑𝑑 =
𝑢𝑢𝑛𝑛
𝜙𝜙𝑛𝑛Γ

 

where 𝑆𝑆𝑎𝑎 sspectral acceleration  𝑆𝑆𝑑𝑑 sspectrum dis-
placement  𝑉𝑉 stotal base shear  𝑊𝑊stotal weight of the 
structure  𝜙𝜙𝑘𝑘srelative value of the fundamental mode 
shape at level 𝑘𝑘  𝑚𝑚𝑘𝑘slumped structure mass at level 
𝑘𝑘   𝑢𝑢𝑛𝑛 shorizontal displacement at level 𝑛𝑛  (topmost)  
𝜙𝜙𝑛𝑛s relative value of the fundamental mode shape at 
level 𝑛𝑛  (topmost)  Γ sparticipation factor correspond-
ing to the fundamental mode. 
 
Demand curve6 

 The seismic demand of any structure is determined 
by the specification of the maximum displacement re-
sponse of that structure due to ground excitations. 
The seismic demand is evaluated by first drawing the 
elastic response spectrum for the site in which the 
structure is located, using the available seismic data, 
and taking into account only the inherent viscous 
damping of the structure. Since the response spec-
trum is usually defined between the period and spec-
trum acceleration, it is converted into spectral dis-
placement versus spectrum spectral acceleration to 
facilitate comparison against the capacity spectrum. 
The conversion of the period into spectral displace-
ments utilizes the Raleigh-Ritz procedure, which ap-
proximates the fundamental period by 

𝑇𝑇 = 2π√𝑆𝑆𝑑𝑑
𝑆𝑆𝑎𝑎

 

Therefore, 

𝑆𝑆𝑑𝑑 =
𝑇𝑇2

4𝜋𝜋2 𝑆𝑆𝑎𝑎 
 The elastic response spectrum is then reduced by 
the energy dissipation in the structure through hys-
teretic damping. This reduced response spectrum is 
known as the inelastic response spectrum. The inter 
section point between the nonlinear spectrum and 
the capacity spectrum curves, known as the perfor-
mance point, defines the demand displacement im-
posed on the structure. 
 
Example 

 
Figure 1 Capacity Spectrum 
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SHAKING TABLE TESTS 

In this following section, the seismic evaluation of 
shaking table tests of wood frame houses of two-story 
and three-story designed and constructed by Mitsui 
Home Co., Ltd. described above is presented. 
 A test structure has three-story as shown in figure 2. 
B test structure has two-story as shown in figure 3. 
 Mitsui Home Co., Ltd. shook tests many times. They 
shook A test structure using 29 large seismic wave 
and B test structure using 60 large seismic waves. 
Most of waves was shallow seismic waves. For exam-
ple, Kumamoto earthquake in 2016, Niigata earth-
quake in 2004 and Kobe earthquake in 1995. How-
ever, these wooden houses did not collapse in the end. 
 In this research, we focus on estimation of collapse 
margin using Kumamoto earthquake data. 
 The number of installed sensor is shown as Table 2. 
 When the authors estimated collapse margin, we 
used three acceleration sensors and two inter-story 
displacement sensor which was located the center of 
each floor. 

 

 
Figure 2 A test structure 

 

 
Figure 3 B test structure 

 
 
 
 
 
 

Table 2 The number of sensor 

  
The number of sensor 

A B 

Acceleration 

1st Floor 3 3 
2nd Floor 7 7 
3rd Floor 7 - 

Roof 7 7 

Displacement 
1st Floor 14 14 
2nd Floor 14 7 
3rd Floor 7 - 

 
SEISMIC PERFORMANCE EVALUATION 
 In this research, we investigated modal parameters 
of those houses and skeleton curves of those houses. 
We estimated inter-story displacement when a large 
aftershock happened based on quantification of col-
lapse margin. Finally, we showed quantification of col-
lapse margin of wood frame houses using Capacity 
Spectrum 
 
Estimation of modal parameters 
 In this following section, we showed the system iden-
tification results of estimation of natural frequency and 
damping ratio using N4SID method. Estimation of 
modal parameters is important in capacity spectrum 
method because demand curve depends on damping 
ratio. 
 Table 3 and Table 4 show the system identification 
results of natural frequency when they shook struc-
tures using Kumamoto earthquake. 
 According to Table 3 and Table 4, damping ration of 
those houses are about 10% in a large earthquake. 
 

Table 3 Modal parameters (A test structure) 
Number Kumamoto Frequency Damping ratio 

A1 Foreshock 5.75Hz 12.9% 
A2 Mainshock 5.97Hz 11.8% 

 
Table 3 Modal parameters (B test structure) 

Number Kumamoto Frequency Damping ratio 

B1 Foreshock 9.61Hz 9.78% 
B2 Mainshock 9.79Hz 11.7% 

 
Estimation of skeleton curves 
 The authors estimated skeleton curves in order to in-
vestigate response of those houses. We used skele-
ton curves based on measurement data as capacity 
curve in capacity spectrum. Figure 4 shows skeleton 
curves of A test structure. Figure 5 shows skeleton 
curves of B test structure. According to Figure 4 and 
5, it is possible to regard response of those houses as 
elastic response. 
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SHAKING TABLE TESTS 

In this following section, the seismic evaluation of 
shaking table tests of wood frame houses of two-story 
and three-story designed and constructed by Mitsui 
Home Co., Ltd. described above is presented. 
 A test structure has three-story as shown in figure 2. 
B test structure has two-story as shown in figure 3. 
 Mitsui Home Co., Ltd. shook tests many times. They 
shook A test structure using 29 large seismic wave 
and B test structure using 60 large seismic waves. 
Most of waves was shallow seismic waves. For exam-
ple, Kumamoto earthquake in 2016, Niigata earth-
quake in 2004 and Kobe earthquake in 1995. How-
ever, these wooden houses did not collapse in the end. 
 In this research, we focus on estimation of collapse 
margin using Kumamoto earthquake data. 
 The number of installed sensor is shown as Table 2. 
 When the authors estimated collapse margin, we 
used three acceleration sensors and two inter-story 
displacement sensor which was located the center of 
each floor. 

 

 
Figure 2 A test structure 

 

 
Figure 3 B test structure 

 
 
 
 
 
 

Table 2 The number of sensor 

  
The number of sensor 

A B 

Acceleration 

1st Floor 3 3 
2nd Floor 7 7 
3rd Floor 7 - 

Roof 7 7 

Displacement 
1st Floor 14 14 
2nd Floor 14 7 
3rd Floor 7 - 

 
SEISMIC PERFORMANCE EVALUATION 
 In this research, we investigated modal parameters 
of those houses and skeleton curves of those houses. 
We estimated inter-story displacement when a large 
aftershock happened based on quantification of col-
lapse margin. Finally, we showed quantification of col-
lapse margin of wood frame houses using Capacity 
Spectrum 
 
Estimation of modal parameters 
 In this following section, we showed the system iden-
tification results of estimation of natural frequency and 
damping ratio using N4SID method. Estimation of 
modal parameters is important in capacity spectrum 
method because demand curve depends on damping 
ratio. 
 Table 3 and Table 4 show the system identification 
results of natural frequency when they shook struc-
tures using Kumamoto earthquake. 
 According to Table 3 and Table 4, damping ration of 
those houses are about 10% in a large earthquake. 
 

Table 3 Modal parameters (A test structure) 
Number Kumamoto Frequency Damping ratio 

A1 Foreshock 5.75Hz 12.9% 
A2 Mainshock 5.97Hz 11.8% 

 
Table 3 Modal parameters (B test structure) 

Number Kumamoto Frequency Damping ratio 

B1 Foreshock 9.61Hz 9.78% 
B2 Mainshock 9.79Hz 11.7% 

 
Estimation of skeleton curves 
 The authors estimated skeleton curves in order to in-
vestigate response of those houses. We used skele-
ton curves based on measurement data as capacity 
curve in capacity spectrum. Figure 4 shows skeleton 
curves of A test structure. Figure 5 shows skeleton 
curves of B test structure. According to Figure 4 and 
5, it is possible to regard response of those houses as 
elastic response. 

 
                 (i)A1                                    (ii)A2 

Figure 4 Skelton curve 
 

  
(i)B1                                    (ii)B2 

Figure 5 Skelton curve 
 

Estimation of inter-story displacement of Kuma-
moto main shock using Kumamoto foreshock 
data 
 The authors estimated inter-story displacement of the 
structure when a large earthquake happens using 
foreshock in order to show superiority of capacity 
spectrum method. In this section, we showed the re-
sults of estimation inter-story displacement of Kuma-
moto main shock using Kumamoto foreshock based 
on this method. Figure 6 shows capacity of A which 
capacity curve is Kumamoto foreshock (Number A1) 
and which demand curve is Kumamoto main shock 
(Number A2). Figure 7 shows enlarged figure 6. 
 Table 4 and 5 show comparison result between dis-
placement based on capacity spectrum and from in-
ter-story displacement sensor. 

 
Figure 6 Inter-story displacement (Number A1 and A2) 

 
Figure 7 Enlarged Figure 6 

 

 
Figure 8 Inter-story displacement (Number B1 and B2) 

 
 Intersection on Figure 7 is 0.80 cm. When real re-
sponse of the structure is calculated on the basis 
of Equation (1) and (2), real response of the struc-
ture is 0.41cm. This estimated value is almost 
same compared with displacement from displace-
ment sensor which was installed the structure. 
  

 
Table 4 Inter-story displacement (A test structure) 

Fore-
shock Mainshock 

Displacement[cm] 
Inter-

section Response Sen-
sor 

A1 A2 0.80 0.41 0.49 
 

Table 5 Inter-story displacement (B test structure) 

Fore-
shock Mainshock 

Displacement[cm] 
Inter-

section Response Sen-
sor 

B1 B2 0.28 0.21 0.21 
 
 According to Table 4 and 5, real response displace-
ment in Kumamoto earthquake are mostly the same 
as displacement from sensor. 
Thus, Capacity Spectrum suggests possibilities to 

estimate inter-story displacement in main shock using 
foreshock.  
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Quantification of collapse margin 
 We estimated collapse margin. The authors was able 
to define the criteria of natural frequency based on 
Capacity Spectrum because it is possible to estimate 
the criteria of response of structures using intersec-
tion between capacity curve and demand curve. In 
general, the criteria of inter-story drift angle is 1/30 
about wooden houses. In this paper, we estimated the 
criteria of natural frequency based on the criteria as 
1/30 (when inter-story displacement limits) using Ca-
pacity Spectrum. 
 The reason why the authors decided to the criteria of 
natural frequency is that natural frequency decrease 
when structure damaged. To know natural frequency 
is that it is possible to know safety and health of struc-
tures. In addition, it is easy to estimate natural fre-
quency using a few sensor. However, we do not know 
a criteria of natural frequency. 
 Therefore, we estimated quantification of collapse 
margin by estimating natural frequency using Capac-
ity Spectrum. 
 Here are some examples. Figure 9 and 11 show ca-
pacity of A test structure in Kumamoto earthquake. 
Figure 10 and 12 show enlarged Figure 9 and 11. Fig-
ure 13 and 15 show capacity spectrum of B test struc-
ture in Kumamoto earthquake. Figure 14 and 16 show 
enlarged Figure 13 and 15. 
 

 
Figure 9 Kumamoto foreshock (Number A1) 

 

 
Figure 10 Enlarged Figure 9 

 

 
Figure 11   Kumamoto mainshock (NumberA2) 

 

 
Figure 12 Enlarged Figure 11 

 

 
Figure 13   Kumamoto foreshock (Number B1) 

  
Figure 14 Enlarged Figure 10 
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Quantification of collapse margin 
 We estimated collapse margin. The authors was able 
to define the criteria of natural frequency based on 
Capacity Spectrum because it is possible to estimate 
the criteria of response of structures using intersec-
tion between capacity curve and demand curve. In 
general, the criteria of inter-story drift angle is 1/30 
about wooden houses. In this paper, we estimated the 
criteria of natural frequency based on the criteria as 
1/30 (when inter-story displacement limits) using Ca-
pacity Spectrum. 
 The reason why the authors decided to the criteria of 
natural frequency is that natural frequency decrease 
when structure damaged. To know natural frequency 
is that it is possible to know safety and health of struc-
tures. In addition, it is easy to estimate natural fre-
quency using a few sensor. However, we do not know 
a criteria of natural frequency. 
 Therefore, we estimated quantification of collapse 
margin by estimating natural frequency using Capac-
ity Spectrum. 
 Here are some examples. Figure 9 and 11 show ca-
pacity of A test structure in Kumamoto earthquake. 
Figure 10 and 12 show enlarged Figure 9 and 11. Fig-
ure 13 and 15 show capacity spectrum of B test struc-
ture in Kumamoto earthquake. Figure 14 and 16 show 
enlarged Figure 13 and 15. 
 

 
Figure 9 Kumamoto foreshock (Number A1) 

 

 
Figure 10 Enlarged Figure 9 

 

 
Figure 11   Kumamoto mainshock (NumberA2) 

 

 
Figure 12 Enlarged Figure 11 

 

 
Figure 13   Kumamoto foreshock (Number B1) 

  
Figure 14 Enlarged Figure 10 
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Figure 15   Kumamoto mainshock (Number B2) 

 
Figure 16 Enlarged Figure 5 

On Figure 10, the dotted line and solid line means 
critical displacement and critical capacity curve. We 
defined critical displacement based on 1/30. The in-
clination of a capacity curve means natural fre-
quency of a structure on Capacity Spectrum (Equa-
tion (4)). 
Thus, the authors decided the criteria of natural fre-

quency. According to the inclination on Figure 10 the 
criteria of natural frequency for A test structure is 
1.87Hz in Kumamoto foreshock (Damping ratios5%). 
We investigated the criteria all cases considering 

two patterns of damping ratio (5% and 10%) as 
shown in Table 5 and 6. When damping ratio is 5%, 
the criteria of it of A test structure in foreshock is 
about 1.87Hz. When damping ratio is 10%, the crite-
ria is about 1.70Hz. 
Thus, we estimated collapse margin based on Ca-

pacity Spectrum. We can estimate collapse margin 
of structures if only we know natural frequency. For 
example, if natural frequency of A test structures will 
become about 1.5Hz, those houses are unsafe. 

Table 5 Criteria of frequency (A) 

Number Kumamoto 
Criteria of Frequency[Hz] 

D=5% D=10% 

A1 Foreshock 1.87 1.70 
A2 Mainshock 1.56 1.47 

Table 5 Criteria of frequency (B) 

Number Kumamoto 
Criteria of Frequency[Hz] 

D=5% D=10% 

B1 Foreshock 2.07 1.97 
B2 Mainshock 1.71 1.64 

CONCLUSION 
We investigated seismic performance evaluation of 

wood frame houses using Capacity Spectrum for 
safer living environment. 
 
●Damping ratio of those houses are about 10% in a 
large earthquake. 
 
●It is possible to regard response of those houses as 
elastic response. 
 
●Capacity Spectrum suggests possibilities to esti-
mate inter-story displacement in main shock using 
foreshock. 
 
●We estimated collapse margin of these wooden 
houses using the criteria of natural frequency. 
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This paper focuses on the application of robotized, highly automated delivery systems and end-effectors for the renovation 
of pre-existing façades with external thermal insulation composite systems (ETICS). The ETICS are a wide-spread and 
conventional solution to thermally insulate a building envelope. However, they are prone to a number of frequent defects. 
Amongst those, there is an aesthetic deterioration due to microbial growth on the external layer of the ETICS. This problem 
is mainly caused by condensation, due to the inherent surface properties of ETICS. The conventional renovation method 
does not change the underlying issue but tries to prevent growth by utilizing chemical biocides that prevent the growth of 
these organisms. The solution, presented in this paper, aims to demonstrate the possibilities of an innovative solution, 
utilizing cable driven robots as a delivery and approximating vehicle, while applying and fixing state of the art textile mate-
rials to an ETICS-façade. The end-effector system developed for this research takes advantage of technology, deriving 
from the textile industry, utilizing fabrics in order to allow for a highly automated installation process. The solution aims to 
provide a long-lasting improvement to the aforementioned issues, while also improving the aesthetic and technical char-
acteristics of the building envelope. The solution described in this paper is in an early conceptual stage and needs further 
development. 
 
Keywords: ETICS, WDVS, façade, refurbishment, renovation, cable robot, textile, dry installation, automation, fibre 

 
INTRODUCTION 
Buildings are currently responsible for 40% of energy 
consumption in the European Union. To meet the en-
ergy efficiency goals, a target was set to reduce the 
energy consumption of buildings by 20% until 2020 
and by 50% until 2050.1 

An effective way to increase the energy efficiency of 
a building is to insulate the building envelope. For 
both new, and already existing buildings, the so-called 
external thermal insulation composite system (ETICS) 
has been proven to be a popular and common solu-
tion. Since its introduction to the market in Germany 
over 50 years ago, over 800 million m2 have been 
sold, with high sales numbers in recent years (37 mil-
lion m2 in 2011).2 

 
ETIC-systems consist of insulating material, often 
EPS or XPS, which is either glued, doweled, or fixed 
with a rail system to a hard surface, i.e. an exterior 
wall. The insulating boards are covered with an un-
dercoat or reinforcing mortar. The top layer consists 
of a finishing plaster, organic or inorganic, to which, in 
most cases, a coat of paint is applied. Often, biocides, 
i.e. toxic chemicals, are added to the paint, in order to 
prevent microbial growth. 
 
However, these systems suffer from a number of is-
sues. In many cases, defects are the result of inade-
quate planning, or incorrectly executed installation. 

Apart from that, a number of problems are still unre-
solved to this date, due to the fact, that they are inher-
ent to the system. 
 
The main reason for this problem is the growth of 
small organisms like algae, lichens, fungi, etc. on the 
surface of the façade. In order to grow on the exterior 
walls of a building, these lifeforms require nutrient 
matter and a constant amount water. 
Because their nutrient matter consists in many cases 
of air pollution or the surface material of the façade 
itself, this aspect can be hardly addressed. This 
leaves the water as the other main component of their 
growth. The main causes for water on the façade are 
rainwater and condensation. Rainwater normally ap-
pears only periodically and tends to dry off relatively 
quickly. In fact, condensation is the main cause of the 
disproportionate microbial growth on ETICS, com-
pared to uninsulated plaster façades. The reason for 
this issue is the low thermal capacity of the thin lay-
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This paper focuses on the application of robotized, highly automated delivery systems and end-effectors for the renovation 
of pre-existing façades with external thermal insulation composite systems (ETICS). The ETICS are a wide-spread and 
conventional solution to thermally insulate a building envelope. However, they are prone to a number of frequent defects. 
Amongst those, there is an aesthetic deterioration due to microbial growth on the external layer of the ETICS. This problem 
is mainly caused by condensation, due to the inherent surface properties of ETICS. The conventional renovation method 
does not change the underlying issue but tries to prevent growth by utilizing chemical biocides that prevent the growth of 
these organisms. The solution, presented in this paper, aims to demonstrate the possibilities of an innovative solution, 
utilizing cable driven robots as a delivery and approximating vehicle, while applying and fixing state of the art textile mate-
rials to an ETICS-façade. The end-effector system developed for this research takes advantage of technology, deriving 
from the textile industry, utilizing fabrics in order to allow for a highly automated installation process. The solution aims to 
provide a long-lasting improvement to the aforementioned issues, while also improving the aesthetic and technical char-
acteristics of the building envelope. The solution described in this paper is in an early conceptual stage and needs further 
development. 
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INTRODUCTION 
Buildings are currently responsible for 40% of energy 
consumption in the European Union. To meet the en-
ergy efficiency goals, a target was set to reduce the 
energy consumption of buildings by 20% until 2020 
and by 50% until 2050.1 

An effective way to increase the energy efficiency of 
a building is to insulate the building envelope. For 
both new, and already existing buildings, the so-called 
external thermal insulation composite system (ETICS) 
has been proven to be a popular and common solu-
tion. Since its introduction to the market in Germany 
over 50 years ago, over 800 million m2 have been 
sold, with high sales numbers in recent years (37 mil-
lion m2 in 2011).2 

 
ETIC-systems consist of insulating material, often 
EPS or XPS, which is either glued, doweled, or fixed 
with a rail system to a hard surface, i.e. an exterior 
wall. The insulating boards are covered with an un-
dercoat or reinforcing mortar. The top layer consists 
of a finishing plaster, organic or inorganic, to which, in 
most cases, a coat of paint is applied. Often, biocides, 
i.e. toxic chemicals, are added to the paint, in order to 
prevent microbial growth. 
 
However, these systems suffer from a number of is-
sues. In many cases, defects are the result of inade-
quate planning, or incorrectly executed installation. 

Apart from that, a number of problems are still unre-
solved to this date, due to the fact, that they are inher-
ent to the system. 
 
The main reason for this problem is the growth of 
small organisms like algae, lichens, fungi, etc. on the 
surface of the façade. In order to grow on the exterior 
walls of a building, these lifeforms require nutrient 
matter and a constant amount water. 
Because their nutrient matter consists in many cases 
of air pollution or the surface material of the façade 
itself, this aspect can be hardly addressed. This 
leaves the water as the other main component of their 
growth. The main causes for water on the façade are 
rainwater and condensation. Rainwater normally ap-
pears only periodically and tends to dry off relatively 
quickly. In fact, condensation is the main cause of the 
disproportionate microbial growth on ETICS, com-
pared to uninsulated plaster façades. The reason for 
this issue is the low thermal capacity of the thin lay-
ered plaster on top of the insulating material. At night, 
especially in autumn or winter, its surface temperature 
regularly drops below the dew point, which leads to 
condensation, and therefore an increased amount of 
water on the façade. 
 
Meanwhile, the conventional approach to prevent this 
problem does not address the source for microbial 
growth, but tries to inhibit it with toxic biocides, mixed 

into the coat of paint or plaster. The conventional ap-
proach comprises physical cleaning of the façade and 
a treatment with biocide. The main steps are as fol-
lows: 
 

1. In order to do this, most buildings require 
the installation of a scaffolding. Those are 
more costly, laborious, and time-consuming, 
the bigger the façade surface and the height 
of the building are. 

2. Human workers have to clean the surface 
manually with a high-pressure cleaner (Fig. 
1). 

3. Depending on the general condition of the 
façade, further steps like physical repairs or 
painting might need to be performed by the 
workers. 

4. Afterwards, the façade gets coated with a 
biocide, in order to destroy microorganisms. 
This necessitates protection of the workers 
due to potential health hazards. 

5. After the treatment, the façade needs to dry 
for several days, to prevent the chemicals 
from being washed off the façade, into the 
ecosystem. 

6. Finally, all of the equipment needs to be re-
moved 

 
However, this procedure isn’t without disadvantages. 
Most importantly, it doesn’t address any of the under-
lying issues. As the physical properties are left un-
changed, the microbial growth returns after the effects 
of the biocide slowly start to wear off, which will most 
likely be the case after approx. three to five years, 
thus necessitating a repetition of the procedure. This 
means effectively, that the conventional approach is 
not much more than a temporary fix, as it does not 
offer a long-term solution. 
Secondly, still is little known about the potential risks 
of the biocides. Even, if the necessary drying period 
is followed, the toxic chemicals enter the environment 
over time, where they pose a potential hazard to the 
ecosystem and human beings.4 
 

 
Fig. 1. Manual pressure cleaning of a façade  
(Source: bauhandwerk.de) 

There are recent, and in some cases still experimental 
efforts to counter this problem to some degree, by us-
ing for example thick layered plaster or PCM to in-
crease the thermal capacity of the top layer of the 
walls. However, reliable measures against microbial 
activities include: 

- Low capillary water absorption. 
- Low water vapour diffusion resistance. 
- Dirt repellent. 
- Resistance against mechanical and hydro-

thermal stress 3. 
For all the reasons aforementioned before, this paper 
aims to address primarily the aesthetic degradation 
over time caused by microbial activity of the ETICS 
facades. For that purpose, a novel robotic system has 
been conceived which is explained on the next chap-
ters. 
 
RESEARCH CHALLENGE 
As an interim summary, the following can be noted: 
ETICS have a very large market diffusion. To varying 
degrees, all systems suffer from an inherent issue, 
caused by their physical characteristics. The conven-
tional method to address the subsequent aesthetic 
degradation does not provide a real, long-term solu-
tion and is relatively laborious and costly. 
 
Consequently, there is a need for a more efficient, 
longer-term solution. This means that the perfor-
mance of the façade surface has to be better in terms 
resistance, and to be improved in a way that prevents 
microbial growth. Furthermore, the efficiency of the 
delivery method has to be increased, to be less reliant 
on human labour and to decrease the amount of 
equipment necessary and the effort for the installation 
of the latter.To achieve this, the physical characteris-
tics of the surface layer of the building envelope have 
to be changed. The easiest way to achieve this is to 
add an additional layer to the façade. Aforementioned 
layer would need to have some characteristics, such 
as, a lower time spent below the dew point, to be re-
sistant, to have a low overall thickness and to be eas-
ily applied by a robotic system. Such criteria could be 
met by a façade textile. Textile technology, developed 
in recent years, can provide the required characteris-
tics for the top façade layer. In addition, other indus-
tries different to construction, such as the textile in-
dustry, but also the manufacturing industry in fields 
like the laying of composite materials, have already 
acquired extensive experience in the automation of 
processing textiles. 
 
Finally, a robotic system is necessary to make the ap-
plication to the façade possible. The system should 
ideally be lightweight, easy to transport, easy to in-
stall, without the need for heavy equipment, and flex-
ible enough for different building sizes. These require-
ments are best met by cable-driven parallel robots. 
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They are not limited by large or very large work-
spaces, as other commercial robots are, and don’t 
suffer from high cost, that for example the installation 
of a rail-mounted system, similar to a gantry robot, 
would generate. They are able to position the robot 
platform (e.g. carrying tooling) accurately by just using 
cables. 
 
ROBOTIC APPROACH 
In the following, the requirements to the material, the 
robotic delivery method and finally a functional de-
scription of the end-effector are specified. 
 
a. New textile materials 
 
To fulfil the requirements to hinder microbial growth, 
as described above, there have been a number of in-
teresting developments, which also became available 
to textile in recent years. 
First of all, the application of the lotus-effect is of in-
terest, as it allows for a hydrophobic, self-cleaning 
surface due to its micro- and nanoscopic properties. 
Secondly, phase change materials (PCM) have been 
adapted for the use in textiles. PCMs function as la-
tent heat storage, and thus are able to store high 
amounts of thermal energy over a long period of time. 
Which means, once applied to a building envelope, 
the time below the dew point would be significantly 
reduced and therefore the condensation on the fa-
çade minimized.5 
Lastly, so called IR-colours could further reduce the 
time spent below the dew point. By using special pig-
ments, these colours are able to reduce the emission 
of long wavelengths, leading to shorter periods of time 
passing below the dew point and hence less conden-
sation on the walls.6 

By integrating these technological advancements into 
a conventional façade textile, open to water vapour 
diffusion, a resistant building envelope could be de-
veloped, meeting all the requirements to minimize mi-
crobial growth, and therefore providing ETICS-fa-
çades with a suitable long-term upgrade. 
 
Installation and tools of textile materials 
The next question is the issue of fixation of the textile 
to the façade. Right now, the installation of almost any 
additional load to ETICS requires manual drilling 
through the system, into the solid wall behind. Subse-
quently, the load needs to be fixed with dowels and 
screws. This process is done by human labour and 
requires a frequent change of tools by the human 
worker. 
However, there are already solutions on the market to 
facilitate the process. Some tool manufacturers offer 
powder-actuated tools, which allow direct fastening of 
dowels to the wall in a single operation7, see Fig. 2. 
 

 
Fig. 2. Section of the Hilti insulation fastener 
(Source: hilti.de) 

 
Proposed solution 
A combination of a newly engineered textile and effi-
cient fastening tools, could present a solution, which 
does not only provide a suitable surface layer, but also 
a fast and automatable installation method. 
To achieve this, the textile will have to be placed on 
the façade in layers, which in turn will have to be fixed 
in an evenly spaced manner, by the automated fas-
tening tool. An overlap, easily fixed with Velcro will en-
sure weather resistance and cover the dowels, to 
make the façade visually more appealing. Fig. 3 
Openings in the façade can be maintained, by cutting 
and adjusting the layers accordingly. Fig. 4 For the 
proposed system, this will be done on the fly, meaning 
that the textile will not be pre-cut. 
 

 
Fig. 3. Layering and fixation of the proposed solution (de-
veloped by authors). 
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Fig. 4. Cutting edges of the textile layer for the openings 
in the façade (e.g. a window) (developed by authors). 

 
b. Automated robotic system based on cable-ro-
bot 
As for the delivery system, the main goal is to obtain 
a highly automated and robotized solution, while 
keeping the effort for installation and amount of re-
quired equipment at a minimum. 
These requirements can be met by employing a ca-
ble-driven robot. A cable-driven robot is a parallel ro-
bot, in which cables are used as actuators. Adjusting 
the length of the cables in a coordinated manner con-
trols the position and orientation of the platform. This 
type of robot is highly flexible. It can be installed with 
relatively little modifications to the building it is 
mounted to, and can cover very large workspaces. 
 
Cable-driven systems for similar purposes exist al-
ready as concepts, or as functioning prototypes, e.g. 
for loading wide shelves or movable TV screens on 
building facades.8 Others, specifically intended for the 
use in construction are under development in current 
research projects, e.g. on a European level in the He-
phaestus project.9 
 
In the case of the solution proposed in this paper, two 
winches with pulleys, will each be mounted on the four 
corners of the façade, suspending the platform, which 
is carrying the end-effector, with their respective ca-
bles. Two cantilevers on each corner of the top of the 
building extend the cables to allow the robot to oper-
ate. All components, including the cantilevers are sup-
posed to be lightweight and able be taken apart, to 
ensure a quick installation process, without the use of 
heavy equipment, such as heavy cranes or large scaf-
foldings and a minimal involvement of human labour. 
 
Once the system is installed, the working platform, 

and thus the end-effector, moves parallel to the wall, 
installing the layers of textile on the façade, each in a 
linear manner, from the bottom of the building to the 
top. 
 
As for the installation and the logistics on the ground 
level, there are two possibilities. Either an installation 
entirely on ground level, including a reloading station 
for the textile roll, or an elevated installation on a set 
of scaffoldings, in order to have a minimal impact on 
the activities on the ground floor of the building. 
 

 
Fig. 5. Installed delivery system with working end-effec-
tor (developed by authors). 

 

 
Fig. 6. Installation at ground level (developed by au-
thors). 
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c. End-effector 
 

 
Fig. 7. Overview of the end-effector (developed by au-
thors). 

The end-effector Fig. 7, positioned on the cable-sus-
pended working platform, has the task to position, cut 
and fixate the textile accordingly. It consists of a 
mount for the textile roll, several adjustment rolls, a 
CNC cutting mechanism, to adjust the textile layers 
accordingly, the automatic powder-actuated bolting 
tool, and different pushing mechanisms. A control 
module processes the data, monitors the progress the 
with a scanner, and translates the input into action. 
 

 
 
Fig. 8. Flow of the textile (developed by authors). 

The main steps of the end-effector’s workflow after the 
setup of the system are as follows: 
 

1. The end-effector gets loaded with a roll of the 
façade textile. 

2. The textile moves through a set of adjust-
ment rolls to ensure a continuous material 
flow. 

3. A cutting mechanism adjusts the textile (e.g. 
for openings). 

4. A pressuring mechanism pushes the textile 
on the wall, to keep it in the appropriate posi-
tion Fig. 9. 

5. The powder-actuated tool fixates it automati-
cally, and evenly spaced, with special dowels 
Fig. 10. 

6. Additional pressuring mechanisms ensure an 
even appearance (also on even ground, and 
around corners) by closing the Velcro-strips. 

 
After completing one layer, if necessary, the end-ef-
fector reloads a new roll of textile and moves to the 
starting position for the next layer (above the previous 
one) to continue the process. After one façade is fin-
ished, the whole system gets transferred to the adja-
cent one. 
 

 
Fig. 9. CNC cutting mechanism (developed by authors). 

 
Fig. 10. Position of the automatic powder-actuated tool 
(developed by authors). 
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Fig. 10. Position of the automatic powder-actuated tool 
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Fig. 11. Backside with scanner and the Velcro strip on 
the textile visible (developed by authors). 

d. Aesthetic variety 
An additional benefit of this new approach is a number 
of new, and different possibilities for façade designs. 
Due to the fact that textiles can be easily imprinted 
and have different surface characteristics than con-
ventional plaster, this could lead to a new aesthetic 
variety without a significant increase in cost or effort. 
Fig. 12. 
 
e. Future work 
The possible necessity of a stabilizing device, that 
could enable a steady movement of the end-effector 
along the wall, was not approached as part of this 
work. The cable robot might not be able to accurately 
locate the end-effector system and therefore a suc-
tioning system would have to be provided. 

 

 
Fig. 12. Examples for aesthetic variation (developed by 
authors). 

CONCLUSION 
In conclusion, the ETICS is a system with a huge mar-
ket diffusion, which suffers from unresolved inherent 
deficits, which lead to accelerated aesthetic degrada-
tion. This in turn provokes an intensive maintenance 
necessity over the years. The conventional solution 
on the market for the periodical need for renovation is 
rather unsatisfying, as it requires a relatively high ef-
fort in terms of equipment and labour and has a po-
tentially negative impact on the ecosystem, while its 
effects last only for relatively small period of a few 
years. 
 
The choice of a cable driven robot in conjunction with 
a technologically advanced building textile, broadens 
the possibility for an automated solution that reduces 
human labour, while minimizing the effort for logistics, 
and installation of equipment. Moreover, the longer 
life cycle of the new façade surface, and the elimina-
tion of toxic biocides from the process, makes to think 
that the presented solution could emerge as the more 
sustainable, and more cost-effective alternative. 
 
While still more research and development would be 
necessary to make the technology market ready, the 
general feasibility of the proposal is demonstrated by 
the circumstance that the basic properties of the tex-
tile, the robotic delivery system and the different sub-
systems have at least reached a functioning simulat-
ing status. In some cases, different technological as-
pects have to be (re-)combined. For instance, the dif-
ferent materials in the case of the façade textile needs 
to be further developed. In other cases, the underlying 
technology is in a working simulation. If the challenge 
of further development can be mastered to integrate 
all of the mentioned subsystems, components and 
materials, in order to create a well-rounded system, 
an innovative and efficient solution can be the result. 
If it can meet the expectations in terms of time reduc-
tion and cost-efficiency, the system would have the 
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potential to prevail on the market. 
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The concern of overheating in buildings usually focus on the energy, economic and environmental repercussions. However 
it also has a great impact on the discomfort and health issues of the user. Several medical conditions as heat stroke, are 
narrowly correlated with the indoor thermal environment.  In this context, building characteristics and passive or active 
strategies are fundamental to reduce the risk of this condition. This study aims to determine the predominant factors on 
interior conditions in multi-housing residence, and their correlation with the user’s body temperature. In order to achieve 
this purpose, a measurement campaign and a field survey in several dwellings were carried out in summer 2015 in Tama-
Japan. The standard new effective temperature (SET) has been used as a reference parameter to assess the repercus-
sions of the analyzed variables. With the use of statistical analysis the whole variables were correlated with this parameter. 
According to the obtained results, the height over the street level of the apartment is the parameter with the major 
influence on SET, at both daytime and nigh-time. Furthermore, the body temperature increased 0.015°C and 0.007°C per 
1°C increase in the day and night-time SET respectively. 
 
Keywords: Heatstroke, overheating, Indoor thermal environment, body temperature. 

 
INTRODUCTION 
One of the main issues in building thermal conditions 
is the interior overheating. Previous evaluations found 
that occupants often report better levels of thermal 
comfort in winter than in summer 1. In fact, the con-
cern of overheating has brought repercussions in   
several fields such as: energetic, economic,                       
environmental and one of the most important health. 
Health issues, as heat stroke, are narrowly   corre-
lated with overheating conditions 2,3. Heatstroke is a 
state in which an individual’s body temperature in-
creases dramatically due to a lack of balance between 
heat production and dissipation in the body 4. In Ja-
pan, the majority of registered cases of heatstroke 
have occurred at home 5, and the population most    
affected are elderly people 6.  
The building overheating conditions depends on sev-
eral issues: poor design of ventilation and air condi-
tioning systems 1,7; excessive thermal insulation and 
air tightness of the building envelope 8, absent or 
wrong use of passive strategies 9, 10. Thus, building 
characteristics and passive or active strategies are 
fundamental to reduce the risks of this condition. 
The general purpose of this paper is to evaluate the 
influence of the building indoor thermal environment 
on the user’s body temperature, specifically in elderly 
people. Furthermore, this investigation focus on the 
predominant factors on multi housing thermal interior 
conditions. 

METHODOLOGY 
The methodology used for this investigation was     
statistical analysis based on a field work carried out in 
several apartment complexes located in Tama New 
Town-Tokyo, in summer 2015.    
Tama is a city located in the western of Tokyo            
Metropolis at latitude 35°38´N and altitude 74 masl, 
Fig. 1.  

 

Fig. 1 Tama city location in Tokyo Metropolis and Japan.. 
Image taken from: http://mapsof.net/uploads/static-
maps/map_tama_en.png   

This city has a hot and humid climate during the sum-
mer season, with a mean temperature of 26°C, mean 
relative humidity of 74% 11, and a daily average solar 
radiation of 4.7 kWh/m2, 12. 
The urban tissue of Tama is characterized by isolated 
and low height buildings, which describes this city      
as low compact and low density (7000 hab/km2)13, 
Fig. 2.  
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Fig. 2 Tama urban tissue. Image taken from google  
earth. 

Parameters and periods. 
The field work comprises the measurements of Indoor 
air temperature, relative humidity and user´s sublin-
gual temperature during 12 days; moreover, data has 
been gathered for several variables of the dwelling 
and users. The dwelling variables focus on architec-
tonic features and the measures applied to reduce 
overheating; and user variables address the physio-
logical features of the participants, Table 1. The data 
of 36 dwellings of multi-story buildings and 36 partici-
pants (men and women aged 50–90 years) were col-
lected. 
  
Table 1 Building and user variables. 

Building User 

Architectonic 
Features 

Measures to 
reduce     

overheating 
Physiological 

Features 

 

Structure 

Apartment Level 

Building age 

Window glazing 

 

 

Solar Shading 

Ventilation 

Air conditioner 

Electric fan 

 

 

Age 

Gender 

Height/Weight 

History diseases 

 

 
Indoor air temperature and relative humidity were 
measured at 30-min intervals at an above-floor height 
of 1.1 m in the living room and bedroom of dwellings. 
A data logger RTR-503, T&D was used to measure 
these two parameters. The sublingual temperature 
was measured to users at bedtime and on waking up 
using a digital basal thermometer (MC-642L, OMRON 
Corporation). 
The standard new effective temperature (SET) was 
used to evaluate the indoor thermal environment. SET 
was calculated using air temperature, humidity, and 
body characteristics of the participants 14. 
The average of SET was calculated for day-time and 
night-time period. Day-time SET was associated with 
bedtime sublingual temperature, and night-time SET 
with wake up sublingual temperature. Besides, SET 
parameter was associated, in both periods, with the 
buildings features: apartment level and building age; 
and with measures to reduce overheating: solar shad-
ing, ventilation and electric fan.  
The apartment level refers to its height from the street 
level. This variable has been divided to bottom, mid-
dle and top floor. While the building age has been 

classified in the results of the dwellings of 0-10, 11-20, 
21-30, 31-40 and >40 years old. Furthermore, the 
measures to reduce overheating address the pres-
ence or the absence of the strategy. 
For the analysis of the whole correlations, the data of 
dwellings with air conditioner has been excluded. The 
final data used was 10 houses and 10 participants 
during 12 days.   
The statistical analysis were performed using SPSS 
3.0 software. The association between SET and the 
other parameters was verified using multiple regres-
sion analysis. All p-values were two-sided, with             
p < 0.05 considered statistically significant. 
All the figures in Results section represent:  the         
average values (thick black line), the standard           
deviation     (grey box) and the extreme values (thin 
lines). 
 
 
RESULTS AND DISCUSSIONS 
 
SET and architectonic features. 
The variables analyzed in this section were the floor 
level and the building age.  
 
Apartment level 
With respect to apartment level, from the low floor to 
middle floor SET increased 2°C in day-time, and 
2.5°C in nigh-time. While from middle floor to top floor, 
SET increased 4°C in day-time and 3.7°C in nigh-
time, Fig. 3. Since all these results are statistical 
highly significant (p< 0.001), the influence of this pa-
rameter on SET is very relevant in both day-time and 
night-time.  

 
Fig. 3 Correlation between daytime SET (up) and night-
time SET (down) with apartment level: low, middle and 
top. 
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RESULTS AND DISCUSSIONS 
 
SET and architectonic features. 
The variables analyzed in this section were the floor 
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With respect to apartment level, from the low floor to 
middle floor SET increased 2°C in day-time, and 
2.5°C in nigh-time. While from middle floor to top floor, 
SET increased 4°C in day-time and 3.7°C in nigh-
time, Fig. 3. Since all these results are statistical 
highly significant (p< 0.001), the influence of this pa-
rameter on SET is very relevant in both day-time and 
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Fig. 3 Correlation between daytime SET (up) and night-
time SET (down) with apartment level: low, middle and 
top. 

Building age 
In regards to the influence of building age, SET tends 
to be reduced by the increase of building age.        
From 0-10 to 31-40 year old, SET reduced 0.9°C in 
day-time and 0.4°C in night time. From 31-40 to > 40 
years old, SET reduced 1.25°C in day-time and 3°C 
in night-time. The analyzed sample do not                  
register dwellings between 11-20 and 21-30 year old, 
Fig. 4. 

 
Fig. 4 Correlation between daytime SET (up) and night-
time SET (down) with building age: 0-10, 11-20, 21-30, 
31-40 and >40 years old 

 
SET and measures to reduce overheating. 
 
The variables analyzed in this section are: solar    
shading, opening windows (at day and night), and 
electric fan (at day and night).  
 
Solar Shading  
The use of solar shading reduces the day-time SET 
2.1°C, and reduces the nigh-time SET 2.9°C, Fig. 5. 
All these results have been validated, since the        
significance value is lower than 0.001 (p< 0.001). 
Then, it can be stated that solar shading has a great 
impact on SET reduction during all day. 
 

 
Fig. 5 Correlation between daytime SET (up) and night-
time SET (down) with solar shading. 

 
Opening windows 
In regards to the opening of windows (ventilation), the 
use of this strategy at day reduces the day-time SET 
1.6°C. However, opening windows at night increases 
the nigh-time SET 2.5°C, Fig. 6.  

 
Fig. 6 Correlation between daytime SET with open win-
dows at day (up), and night-time SET with open windows 
at night (down). 
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About the result at night-time, the influence of the 
opening windows impact with an increment on SET, 
due to the fact that the majority of dwellings that 
opened the windows at night did not open the win-
dows during the day, thus due to the thermal inertia of 
the apartment SET keeps higher. On the other hand, 
the dwellings that open the windows at day, they do 
show a reduction on night-time SET, due to the lower 
energy entrance. 
All these results are statistical highly significant,       
(p< 0.001) 
 
Electric fan 
Finally, the use of electric fan, Fig. 7, reduces the day-
time SET 0.3°C, and the nigh-time SET 0.9°C. The 
correlation between night time SET with electric fan at 
night are statistical highly significant (p< 0.001),     
however daytime SET with electric fan at day have    
not been validated, since the probability value is 
higher than 0.05 (p>0.05), and the amount of the 
change on SET, due to this strategy, has low rele-
vance. 

 
Fig. 7 Correlation between daytime SET with electric fan 
at day (up), and night-time SET with electric fan at night 
(down). 

 
After the analysis of all these correlations, the global 
results show that the apartment level variable has the 
most influence on the standard new effective           
temperature (SET), in both day-time and night-time, 
as shown in Table 2, and Table 3. Therefore, the        
temperature increases as going higher in a building.  
This suggest that exterior factors, such as solar         
radiation, have a great repercussions on dwellings 
thermal conditions. 

About the measures to reduce overheating, solar 
shading is the most effective strategy to reduce     
SET.  
This variable has a high influence on SET during the 
whole day, which reflects the high relevance of the  
solar radiation in the interior conditions. 
On the other hand, relatively old buildings have a 
larger decrease of SET, in both at day-time and night-
time, compared to newest buildings, as shown in    
Fig. 4.  
 
Table 2 the influence of building variables on day-time 
SET 

Building Variables 

Day 
time 
SET 
(°C) 

p-
value 

Architectonic 
features 

Apartm. 
Level 

Bottom -
Middle  +2 <0.001 

Middle -
Top  +4 <0.001 

Build. 
age 

0_10 - 
21_30 -0.9 <0.001 

31_40 - 
>40 -1.25 <0.001 

Measures to 
reduce over-

heating 

Solar shading -2.1 <0.001 

Opening windows -1.6 <0.001 

Electric fan -0.3 >0.05 

 
 
Table 3 the influence of building variables on night-time 
SET 

Building Variables 

Night 
time 
SET 
(°C) 

p-
value 

Architectonic 
features 

Apartm. 
Level 

Bottom-
Middle  +2 <0.001 

Middle-
Top  +4 <0.001 

Build. 
age 

0_10 - 
21_30 -0.4 <0.001 

31_40 - 
>40 -3.08 <0.001 

Measures to 
reduce over-

heating 

Solar shading -2.9 <0.001 

Opening windows +2.5 <0.001 

Electric fan -0.9 <0.001 

 
 
 
SET and Sublingual temperatures. 
According to these results, Fig. 8, the bed time sub-
lingual temperature increased by 0.015°C per 1°C    
increase in day-time SET, while wake up sublingual 
temperature increased by 0.007°C per 1°C increase 
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Apartm. 
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Build. 
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31_40 - 
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Solar shading -2.1 <0.001 
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Table 3 the influence of building variables on night-time 
SET 

Building Variables 
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time 
SET 
(°C) 

p-
value 

Architectonic 
features 

Apartm. 
Level 

Bottom-
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Build. 
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Solar shading -2.9 <0.001 
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SET and Sublingual temperatures. 
According to these results, Fig. 8, the bed time sub-
lingual temperature increased by 0.015°C per 1°C    
increase in day-time SET, while wake up sublingual 
temperature increased by 0.007°C per 1°C increase 

in night-time SET. However neither of these results 
have a statistical relevance, since the significant value 
is higher than 0.05 (p>0.05).  

 
Fig. 8 Correlation daytime SET with bed time sublingual 
temperature (up), and night-time SET with wake up sub-
lingual temperature (down) 

 
CONCLUSIONS 
This study analyzed the relationship between SET 
and sublingual temperature during summer 2015. 
Furthermore, it has analyzed the influence of several 
architectonic features and measures to reduce     
overheating on SET. From this analysis, the following 
conclusions can be indicated: 
According to the data statically analyzed, the sublin-
gual temperature shows a minimal increase corre-
lated with standard new effective temperature. How-
ever these two parameters are not significantly asso-
ciated. 
In regards to the building characteristics, the variable 
that most influences SET is the height over the street 
level of the apartment, even more than the influence 
of any measure to reduce overheating.  
With respect to these measures, solar shading is the 
most effective strategy on the reduction of SET in both 
day-time and night-time. 
Based on these results, some general recommenda-
tions on implementations of residential buildings can 
be provided. 
The first concern to reduce overheating in summer is 
the relationship of the building with solar radiation. 
This is more relevant for buildings intended for         
residential use of elderly people. As it has been seen 

in this investigation, the height over the street level 
apartment is directly correlated with the increase of 
the temperatures in the buildings. This can be            
assumed to be due to the higher solar gains at the     
highest levels. According to this, residents of the top 
floors of multi-unit housing, should really pay attention 
in measures to control overheating. Despite there is 
not a strong correlations between the high interior 
temperatures and heatstroke, the results indicate a 
slight tendency between these two parameters.  
Furthermore, other previous implementations should 
be taken into account in the design stage. Building 
considerations as its orientation or the reduction of the 
window / wall ratio, can significantly reduce solar 
gains, and consequently high interior temperatures, 
even more than the use of active energy systems.  
On the other hand, specific strategies, such as the    
solar shading of windows, also have a relevant           
influence on thermal comfort in summer season. 
Since this strategy allows its regulation according to 
the     climate, it can be a good option for both the 
cooling and heating season.  
Finally, in addition to these implementations, which 
consider the characteristics of buildings, the urban 
context of cities has a great impact on the control of 
solar gains. Avoiding isolated buildings and increasing 
the density of cities can provide a solar protection for 
buildings from their own environment. This implemen-
tation can be applied in this kind of city, which are       
characterized by their low compacity and density. 
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Sensors are nowadays more and more common in buildings because they are becoming everyday cheaper, reliable and 
long lasting. Applications inside, outside and in between the built layers are more and more common and therefor the 
possibility to collect a big amount of data. 
However, the question is: does it make any Sense? Huge amount of data does not mean that the building is nicer and 
works better. Sometime the excess of technology and the presence of these devices ends up in a lack of responsibility by 
the user and, in some cases, the building does not work better than one without all these invisible measurements. 
Thinking and adapting the purpose of the sensors and educate users, on contrary, allow us to have a more interactive 
building and the possibility to check it very quickly with an app and run it from remote. Thus it is very important to set up 
what kind of sensors we need and how we collect the data and how we interpret them in a correct and fast way, being data 
so many and being the user not necessarily an Engineer. 
Some experiences will be shown seeing the effect of users and also actual benchmark technologies that allow us to live in 
an Active House and check it live, than\ks to an app that shows several sensors outputs. 
The paper will also show an experimental case study at Politecnico di Milano, VELUXlab, where sensors have been in-
stalled for different purposes, since some years, and where the building behaviour has been checked with and without 
occupants.  
Big Data are around us, but sometimes it seems that we forget the basics and the world surrounding us when too much 
technology seems to substitute our senses.  
Finally, the goal is to show that technology and remote sensing is efficient and produces a better living environment only if 
it does not cancel our singular responsibility and our capability to trust in our senses and in a clever use of our architectures.  
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INTRODUCTION 
Buildings account for 40% of overall energy consump-
tion in the European Union. Increase the energy effi-
ciency in this sector means to contribute significantly 
in reaching the EU climate and energy targets as well 
as reducing EU dependency on imported gas and oil, 
thereby limiting the need for higher electricity produc-
tion. According to the EPBD Directive 2010/31/EU [1] 
by the end of the 2020, all the new buildings must be 
very energy efficient with an annual balance between 
produced and absorbed energy close to zero [2]. Ac-
tually there are no a global definition of nearly zero 
energy building [3, 4, 5] since each member states 
must define they own detailed calculation method. 
The available calculation methods, defined by the 
standard, focuses currently only on energy demand 
during operation but a new view that consider a wide 
environmental efficiency must be introduced in the 
near future [6, 7] 
There are a number of long-term advantages of mov-
ing toward ZEBs, including lower environmental im-
pacts, lower operating and maintenance costs, better 
resiliency to natural disasters, and improved energy 
security. The following paper shows a case study of 
nearly zero energy building located in northern Italy 

with focus on the real operation by means the integra-
tion of sensors in the building component for real time 
tuning. 
 
METHOD 
In the current construction practice, there is com-
monly a big gap between the predicted and the real 
energy consumption. This paper aims to show the 
sensors-based upgrade approach on a high-efficiency 
and smart building. The final target was to prove and 
validate the retrofit strategies that has been previously 
studied trough several simulation tools, and applied to 
a specific case study, VELUXlab in Politecnico di Mi-
lano, Bovisa Campus. 
According to these purposes, in a first phase of the 
study, several different sensors and sensored devices 
has been installed, and interconnected via a wireless 
network. Thus, all the data has been collected and 
stored, in order to be analysed through a big data min-
ing process. 
This study focuses on specific physical quantities, 
which provide real time conditions about internal com-
fort, energy consumption, energy production and their 
interrelation. Therefore, the selected and installed 
sensors are able to measure: 
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 Temperature [°C]: on the envelope as super-
ficial and indoor air-temperature, with ther-
mos-resistor sensors; on systems, as work-
ing temperatures; 

 Humidity levels [%]; 
 Heat production; 
 Electrical production; 
 Electrical consumption; 
 CO2 concentration. 

 
Thus, the mined and patterned data could detect both 
the real functionality and high efficiency of the building, 
from the “as-built” status, to its usage phase, with the 
interaction of tenants. 
The second step of this work involves the transposi-
tion of all the investigated data and the derived infor-
mation about the building on a shared platform of aug-
mented reality. This phase has the target to let the en-
gineering knowledge of the project and the quantita-
tive data become visualized qualitative information, 
more readable and comprehensible also for the com-
mon final users of the building. This aim heads to ed-
ucate occupants to a correct use of a high perfor-
mance object, in order to maintain and get the maxi-
mum from it. Besides, the informed-object that repre-
sents the building in a virtual reality could be easily 
updated, to record and show the improvements of the 
building features and the changes about its perfor-
mances during time. Moreover, thanks to a BIM de-
sign approach, the availability of data and information 
in one unique environment facilitates the manage-
ment of the building and future interventions. 
 
CASE STUDY: VELUXLAB BUILDING 
VELUXlab is the first Italian Nearly Zero Energy Build-
ing, which is located inside a University campus [8] 
(Fig. 1). Its design process started in 2011, when VE-
LUX decided to convert the demo-house Atika, into an 
experimental laboratory of Politecnico di Milano: VE-
LUXlab. The original building was already conceived 
in its shape and features to be a model home for Med-
iterranean climate. The scientific supervision of the 
design team of Politecnico di Milano upgraded the 
construction into an active prototype and, thus, a real 
case study for future sustainable buildings. 
The retrofit process of the building involved both the 
improvement of the envelope’s layering with new and 
high performances materials that increased the tech-
nical performances of the building case (U-values up 
to 0,124 W/m2K), and the implementation of systems. 
Static and dynamic simulations helped to calibrate the 
design choices to lead through the minimisation of en-
ergy needs [8]. They proved the feasibility of high in-
ternal comfort levels, high energy efficiency and low 
environmental impact. The integration of those three 

principles managed the development of all the modi-
fications that has been introduced during the transfor-
mation phase. 

 
Fig. 1. A picture of the building after renovation and lo-
calization at Politecnico di Milano, Bovisa Campus 
 
VELUXlab: the first Italian Nearly Zero Energy 
Building and Active House of a university campus 
The main feature of VELUXlab is that it has been con-
ceived and further developed as a real smart and ac-
tive building. The high performances reached by the 
construction has been verified by the achievement of 
the A+ value of the CENED protocol, in 2014, and the 
Active House label [9]. Thus, it soon represented the 
first Italian ActiveHouse building inside a university 
campus. At the end of 2017, indeed, it was officially 
awarded with the AH label through an external review 
process. It testify the achievement of high conditions 
on internal comfort, low energy consumptions and en-
vironmental loads (Fig. 2 and Table 1). 
 

Comfortindicators Value Category 
1.1 Daylight 5,7% 1.0 
1.2 Thermal Environ-
ment 

Better level 1.8 

1.3 Indoor air quality <750ppm 2.0 
Energy indicators   
2.1 Energy demand 74,7 kWh/m2 2.7 
2.2 Energy supply 79,7 kWh/m2 1.0 
2.3 Primary energy 11,9 kWh/m2 2.8 
Environment  
indicators 

  

3.1 Environmental 
loads 

Good level 2.3 

3.2 Freshwater con-
sumption 

84% 1.0 

3.3 Sustainable con-
struction 

Best level 2.1 

Tab.1. Active House labelling results, performed by Ac-
tive House verifier Arch. Eileen Meyer for Active House 
Alliance, 2017 
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Fig. 2 Active House Radar of VELUXlab, evaluated by 
Politecnico di Milano design team and verified by Active 
House Alliance, 2017 
 
VELUXlab Augmented Reality 
As a real case study, during its construction and us-
age phases VELUXlab has been the core of multiple 
scientific activities and experiments. They involve, as 
first, the implementation of the project to the aug-
mented reality. The building 3D model, in its geomet-
rical data and non-geometrical information (about ma-
terial performances and features, e.g.) has been 
transferred into a virtual environment, freely available: 
the online platform LAYAR. Thanks, to the support of 
several file-sharing systems, such as Autodesk A360, 
the aim of this initiative is double: as a BIM-oriented 
approach, to have all the data and information directly 
available in one unique place, useful for the manage-
ment of the building; on the other hand, to communi-
cate with final users (Fig.3). 

 
Fig. 3 Augmented reality platform used by Ing. Vanossi, 
the BIM manager of the project 
 
VELUXlab, the sensorized laboratory 
Beyond its definition in a virtual environment, VELUX-
lab has been equipped by a wireless multiple sensors 
network. They are located both all across the enve-
lope than on systems, in order to have a holist per-
spective on the building behaviour. Superficial tem-

perature sensors are placed both on internal and ex-
ternal surfaces of walls, roofs and windows of the west 
wing (Figg. 4 and 5), to investigate the summer per-
formances of a dry layered construction. 
All the data provided from these devices, from 2012 
till now, has been collected, storage, mined and ana-
lysed. This part of the study could be considered as 
big-data experimental analysis, because the experi-
ence deals with three of the 4Vs of big data [10]: (i) 
Volume, a considerable amount of collected data from 
7 selected sensors over a year has been used in the 
first trial step of the process, with a total amount of 
521.148 records from building sensors and 277.888 
records from a local weather station; (ii) Velocity, all 
values are recorded every 30 seconds; (iii) Veracity, 
sensors may provide inconsistent values due to exter-
nal unpredictable factors. The collected and already 
mined records have been uploaded on an IBM plat-
form, to be queried by experts. The second step fo-
cused on data-visualization problems: thanks to BIM-
based environment, all the scientific results have 
been transported and integrated to the 3D informated 
object, already available on LAYAR. Thus, a more 
user-friendly interface could help the communication 
between AEC sector experts and users, and their ed-
ucation to deal with a high energy efficiency building, 
without wasting its big potential (Fig. 6). 

 

 
Fig. 4 Location of thermal sensors across the envelope 
of VELUXlab and their wireless network  
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Fig. 5 Location of thermal sensors inside the technical solution of the envelope: wall and roof. The information about the 
geometrical and material global performances of the technological solution has been transferred on a BIM environment 
and are currently available on the augmented reality platform 
 

 
Fig.6 Augmented reality and BIM model implemented with big data derived from sensors network 
 
Since April 2017, the sensor network has been ex-
tended with several temperature sensors (Table 2), 
which measure the temperatures of the internal envi-
ronment in different positions of the building, in order 
to study the trend of the internal conditions among dif-
ferent seasons and to evaluate if the comfort condi-
tions are homogeneously granted (Fig. 7). 
 

Internal temperature sensors 
sample time 10 min 
accuracy ±0.35 °C from 0° to 50°C 
resolution 0.03°C at 25°C 

Table 2 Technical features of the internal temperature 
sensors 
 
Beside this analysis, other several sensors (tempera-
ture sensors, heat meters, electrical meters) have 
been installed on the heating and cooling system, 
composed of an air/water heat pump, AHU and pho-
tovoltaic and solar heating panels. 

 
Fig 7 Average internal temperatures measured in differ-
ent positions of the buildings, on a typical day of winter 
2017-2018 
 
In this way, it has been possible to characterize the 
efficiency of the single components and optimize the 
control of the system to guarantee the internal comfort 
and maximize the energetic performance. 
Some redundant sensors have been introduced, in or-
der to improve the reliability of the monitoring data.  
Moreover, some of the instruments have an internal 
memory and are battery-powered, in order to assure 
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In this way, it has been possible to characterize the 
efficiency of the single components and optimize the 
control of the system to guarantee the internal comfort 
and maximize the energetic performance. 
Some redundant sensors have been introduced, in or-
der to improve the reliability of the monitoring data.  
Moreover, some of the instruments have an internal 
memory and are battery-powered, in order to assure 

the continuity of the data collection, even when the p
ower supply is cut off (at least for short periods, as on
e day). 
The monitoring system is based on a database modu
lar structure, which allows collecting simultaneously s
everal signals coming from the all sensors, without a 
limitation on the number of input signals. 
The installation of the sensors network has been exe-
cuted by a team of plumbers and electricians, while 
the set-up and the maintenance of the monitoring sys-
tem is provided by a computer engineer, as it is cus-
tomized and studied for research purposes. Anyway, 
we are studying an easier interface to improve the ac-
cessibility to the monitoring data. 
Another collaboration between VELUX, Politecnico di 
Milano and Beghelli, the Italian leader of artificial light-
ing, headed to the replacement of the existing lighting 
system with new sensored and dimmerable LED de-
vices. These energy saving lights could read through 
single sensor ready-installed on each device the lux-
value on working surfaces and then regulate its emis-
sion power. They could be also remotely controlled by 
the central system, and all the data are collected in 
order to record the total amount of saving energy, 
compared to a traditional not-sensored/dimmered and 
LED lighting system (Fig. 8). 
 

 
Fig. 8 The local control unit of LED devices power and 
energy savings recorder, placed inside VELUXlab and 
remote connected to Beghelli Headquarter, Bologna 
 
Furthermore, the integration of the natural light from 
the roof windows and the artificial light from electronic 
devices guarantees the internal visual comfort, all 
year long, and the maximum electrical consumption 
cut-off. At least, Beghelli provided VELUXlab with an-
other small wearable and sensored device, the Sal-
vavita Beghelli. This device fits the wrist of users and 
is able to record the their heartbeats and movements. 
Therefore, in case of a sudden illness, the control unit 
sends an alarm to the central management office, and 
calls directly the health emergency services. 
 
 
 
RESULTS 

The quantitative results of all these experiences could 
be summarized per each step of the entire work of 
data analysis. 
As first, the investigation about the building behaviour 
as a dry layered construction set in a Mediterrean cli-
mate give several interesting outcomes, both in terms 
of the methodology and its reliability and in terms of 
final results. Indeed, the analysis highlights how 
sometimes the provided data could be significantly in-
consistent, because of technical problems on sensors 
functionality. The possible causes are both related 
strictly to the devices, and to unpredictable external 
factors. Due to these reasons, the performed analysis 
involved just seven temperature superficial sensors, 
in order to detect at first the consistency of data re-
lated just to the envelope performances. The out-
comes of the first data-mining process show how 
some sensors have to be frequently recalibrated, be-
cause of the long lasting period of their use. Thus, an 
average of 65% records could be used to investigate 
the set problem. However, the validated data prove 
the achievement of high level of comfort values, inside 
the analysed space. This preliminary study confirm 
the capability of dried hyper-insulated wall to have a 
good behaviour not only during the colder seasons, 
but also in the hottest one, such as Italian summers. 
This qualitative evaluation, indeed, is supported by 
the records: comparing real values to the boundaries 
of ISO 7730 on inside comfort conditions, it is guaran-
teed at 70% (Fig.9). 

 
Fig. 9 BIG DATA analysis results, in summer period, 
which is the most critical for mediterrean climates. They 
are compared to the comfort categories defined by UNI 
7730; *the i5 and i6 sensors show not enough con-
sistency 
 
The other part of the study involves the survey and 
maintenance of systems, both electrical production, 
from March 2015 to December 2016, than heat/cool-
ing productions, from April 2014 to December 2016. 
In particular, the sensors survey shows that the PV-
energy profile of follows the normal seasonal trend, 
with high values in the summer, in which it reaches up 
to 35% of the monthly building requirement, and very 
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low values in winter, due to the scarce solar radiation 
(Fig. 10). 

 
Fig. 10 Monthly values of the total electricity consumption 
of the building and of the electricity produced by the PV 
panels 
 
At least, the outcomes about the LED sensored and 
dimmerable lights show the total amount of energy 
that has been saved since the installation of new de-
vices. The integration of natural and artificial light al-
low almost the 80% of energy consumption cut-off 
(Fig. 11) 
 

 
Fig. 11 Online layout, freely and remotely available, of 
the quantitative data about the LED system; the numbers 
show: a) the total amount of using hours, b) the total 
amount of energy that would be consumed by the previ-
ous traditional system, c) the currently consumed energy 
by the LED system, d) and e) the saved energy, in kWh 
and % 
 
DISCUSSION AND CONCLUSIONS 
Built environment is artificial. It is something that we 
create to live but sometimes it is totally anti-natural. In 
nature, we live by sensing: vision, touch, smell, taste 
hear and sometimes we feel well when a synaesthe-
sia is present. Can we make our built environment 
more natural like? Can we have easy sensitive and 
responsive buildings, which will be, because of this, 
more sustainable and more comfortable? 
Active House is a possible strategy, beyond 2020, 
which is…tomorrow! 
Even if we think to other field of human industry – e.g. 
automotive, ships, aerospace –, the presence of sen-
sors is increasing and creates more efficient, reliable 

and safe objects. Would you imagine your car without 
fuel indicators? Without water pressure, oil levels in-
dicators or others? Nowadays cars can stop by them-
selves, have speed auto-limited controls, rear cam-
eras view, etc. As this paper has shown, the same 
methodologies can be applied now into buildings, 
without being invasive. Thermal sensors, humidity, 
CO2, pollution particles, acoustics, fire meters could 
be controlled easily in multiple platform of data. This 
big-data are synthetized in graphical outputs, giving 
us the possibility to learn from our behaviour. Thus, 
the building could become adaptive, and, in general, 
active in a technical approach, to challenge quick 
changes, but also to control the general long-term 
strategies. Sensors help building to achieve and 
maintain high energy-efficiency standards, such as 
the almost 80% of electrical energy saving. In the 
meanwhile, an efficient data-visualization helps users 
to understand the functionality of the entire construc-
tion and the impact of their attitude, educating them to 
live in this new generation of buildings. 
The grid of sensors incepts data in a big platform, “ad 
hoc” defined each time, and the BIM process guaran-
tees us to have a quicker control of triple field of action, 
typical of an Active House: energy, comfort and envi-
ronment. This is a great leap forward for building in-
dustry and architecture. Volumes are no more “pas-
sive”, mineral entities. They have an invisible technol-
ogy inside – very reliable and every day cheaper –, 
which helps us to live better. 
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This project, aims to investigate and expand the capabilities of currently advanced and widely-available technology, in-
troduced in the field of computational design and robotic fabrication. This is done by introducing a methodology, enabling 
the communication between two decision makers involved in the design and construction of masonry systems. Through 
a custom-made digital platform that involves physical data acquisition, head mounted display and projection, a user 
called ‘constructor’ and a user called ‘VR end-user’ can perform various digital pre-design and pre-construction activities 
aiming at the robotic construction of masonry systems. The ability of navigation and real-time control in the virtual space, 
allows simultaneous spatial experience and form finding of solutions satisfying a number of criteria including, -in addition 
to the aesthetical ones- cost, structural requirements, etc. At the same time, users can perceive and evaluate each wall 
configuration and agree on the desirable final design. A number of case studies are conducted using different bricklaying 
compositions in order to test the performance of solutions, aiming towards the minimum cost of material, structural effi-
ciency and ease of fabrication as well as the effectiveness of the process to be used by the ‘constructor’ and the ‘VR 
end-user’. This, in combination with the spatial understanding that virtual reality provides, can contribute in a more active 
communication between various stakeholders in the architecture and construction industry.    
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INTRODUCTION 
Recent technological developments enable people to 
interact with space through intelligent mechanisms, 
aiming towards different activities that serve every-
day life needs such as leisure and work1. This, al-
lows different members of society, including persons 
with disabilities and elderly, to participate in the soci-
ety in a more productive way, offering conditions for 
social inclusion2. The area of Architecture, Engineer-
ing and Construction (AEC) industry, both in practical 
and theoretical direction, has taken advantage of 
those developments, getting into an era of possibili-
ties in socio-economic context. More specifically, the 
currently advanced and widely available tools and 
mechanisms that have been introduced in the field of 
computational design and robotic fabrication allow 
the development of products and processes that can 
have a direct impact and shape the built environment 
in a more interactive, participative and collaborative 
way. An area that lies in the forefront of such atten-
tion is that of pre-design and pre-construction deci-
sion making that demands a more simultaneous and 
parallel involvement of various decision makers, 
without separating or isolating their involvement in 
the different parts of the process nor organizing their 
participation in a linear manner. 
Within this framework, various directions of investi-
gation have been introduced, including the so called 
‘co-design concept’ that allows users with no tech-
nical skills, to take part in the design process3. In 
such cases, architects are asked to redefine their 

role in the process, allowing the active participation 
of users, who can adapt their design, so that it can 
effectively serve their personal needs. For instance, 
by creating an interactive platform, through simple 
and comprehensive rules, the decisions of various 
stakeholders involved in the decision-making pro-
cess can be translated into architectural elements, 
providing real-time results that can be further modi-
fied during the process.  
Nowadays, a well-known technology that has been 
applied in a great number of projects is virtual reality 
that attempts to establish a virtual experience of the 
real world, which is valuable to users without archi-
tectural background. This offers opportunities for 
exploring, perceiving and experimenting the built 
environment. Moreover, the enhancement of the 
design process with gestures and movements of 
people leads to a direct relationship between the 
user and the architectural product4 before it is final-
ized, allowing in parallel, changes and modifications 
according to their needs and desires. What is more, 
is that adaptation according to user needs and de-
sires during the pre-design and pre-construction 
decision-making process, leads to a shift from mass 
production mechanisms, to mass customized ones5, 
a theoretical and practical direction of investigation 
that can be effectively implemented through new 
computational design tools and robotic fabrication 
mechanisms. This opens up further possibilities for 
investigating, experimenting and materializing inno-
vative design solutions in the built environment that 
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nical skills, to take part in the design process3. In 
such cases, architects are asked to redefine their 

role in the process, allowing the active participation 
of users, who can adapt their design, so that it can 
effectively serve their personal needs. For instance, 
by creating an interactive platform, through simple 
and comprehensive rules, the decisions of various 
stakeholders involved in the decision-making pro-
cess can be translated into architectural elements, 
providing real-time results that can be further modi-
fied during the process.  
Nowadays, a well-known technology that has been 
applied in a great number of projects is virtual reality 
that attempts to establish a virtual experience of the 
real world, which is valuable to users without archi-
tectural background. This offers opportunities for 
exploring, perceiving and experimenting the built 
environment. Moreover, the enhancement of the 
design process with gestures and movements of 
people leads to a direct relationship between the 
user and the architectural product4 before it is final-
ized, allowing in parallel, changes and modifications 
according to their needs and desires. What is more, 
is that adaptation according to user needs and de-
sires during the pre-design and pre-construction 
decision-making process, leads to a shift from mass 
production mechanisms, to mass customized ones5, 
a theoretical and practical direction of investigation 
that can be effectively implemented through new 
computational design tools and robotic fabrication 
mechanisms. This opens up further possibilities for 
investigating, experimenting and materializing inno-
vative design solutions in the built environment that 

can serve real user needs subject to various condi-
tions.  
Ideas related to the direct involvement of non-expert 
users within the process of co-design followed by the 
physical realization of products, trace back to the 
work ‘mTable’6 by Gramazio and Kohler, where the 
design of mass customized tables was achieved 
through the use of mobile devices. Specifically, the 
users, through deformation forces, were able to cre-
ate unique tables that were in turn manufactured 
using computer-controlled milling machines. The 
same research group has extended similar ideas, 
whereas computational design was followed by ro-
botic fabrication, for instance, in the project ‘The 
informed wall’7. In this example, custom brick walls 
were assembled following an additive fabrication 
process. This concept has been further investigated 
through the development of an advanced software, 
the ‘BrickDesign’8, which exploits brick wall design 
capabilities towards robotic construction in actual 
scale. This allows the design control of different wall 
configurations before these are finalized, using ro-
botic mechanisms. 
Further research in this area opens capabilities for 
integrating virtual, automated and robotic assisted 
mechanisms with physical gestures9, providing intui-
tive and tangible experience, but also a more direct 
relationship between virtual and physical experimen-
tation10 and subsequently, possible robotic construc-
tion in real time. Within this framework, platforms for 
virtual navigation and gestural design control as well 
as platforms for virtual robotic fabrication are two 
categories of tools in decision-making that can allow 
possibilities for integrating users and file-to-factory 
workflows respectively.  
In the literature, the most known examples distin-
guish these two aspects of research investigation. In 
the first case, a number of examples that focus on 
virtual navigation in the built environment by intro-
ducing data acquisition devices such as cameras 
and gestural control mechanisms can be found11. For 
instance, projects might combine Kinect cameras 
and wearable gloves to maximize the intimate form 
of navigation in space12, might integrate Kinect cam-
eras and mobile devices to control adaptive architec-
tural systems including walls and façades13 or might 
use devices like Leap motion controllers and Kinect 
cameras for digital design, modification and naviga-
tion in adaptive spaces, enhancing the experience of 
interior space and the ease of design selection, in 
real time14.  
In the second case, less examples can be found 
where robotic fabrication processes are combined 
with virtual navigation mechanisms. A piece of work 
in this direction is the project entitled ‘Augmented 
reality and the fabrication of gestural form’15, where a 
curve drawn on the floor is converted into a wall, 
consisting of bricks that are arranged according to 

the desired geometry. The result is visible to a user, 
who is using a low-tech augmented reality system, 
based on a mobile device. Then, the design outcome 
is physically finalized using an industrial robotic arm. 
In this case, information is transferred in real-time to 
a computer, which sends via the cloud to the app 
and on a mask-mounted phone, allowing perception 
and navigation in virtual space. 
The advantages of an integrated platform that com-
bines digital design and virtual navigation with robot-
ic construction principles are evident and deserve to 
be investigated further. Within this framework, the 
work presented in this paper, examines a dual-user 
interaction in virtual space towards the robotic con-
struction of masonry systems. This project, is part of 
a broader research in this direction11,13,14, which is co
nducted in the Research Laboratory for Digital De-
velopments in Architecture and Prototyping (d2AP) of 
the Department of Architecture at the University of 
Cyprus and it has been developed within the frame-
work of the postgraduate course ARH-522 - Advance
d Computer-Aided Design Topics during the Fall se
mester 2016.  
Within this context, this work investigates the possibl
e interaction of two users in the virtual space, where 
users with different backgrounds can be involved an
d enhance collaboration during the pre-design and pr
e-construction decision-making stages. Particularly, 
the project aims to extend capabilities of currently 
available technology that is introduced in the area of 
computational design and robotic fabrication, in order 
to develop an innovative dual-user interactive inter-
face. In addition, it intends to enable the collabora-
tion between the two decision makers, a user called 
‘constructor’ and a user called ‘VR end-user’.    
Specifically, the ‘constructor’ is responsible to test 
various physical modular brick arrangements, trans-
ferring information to the virtual environment via a 
data acquisition device.  While data from the physical 
world is transferred to the digital world, the ‘VR end-
user’ can design and control the footprint of the ma-
sonry system as well as navigate in the virtual space 
through specific gestures and head movement in 
real time. Simultaneously, the ‘constructor’ is re-
sponsible to test various bricklaying arrangements, 
leading to the virtual construction of a wall, which 
can be subsequently physically fabricated, using 
robotic technology. During the process, results are 
projected to both users, the ‘constructor’ and the ‘VR 
end-user’, who can still interact with the suggested 
design configuration and make changes before final 
results are finalized.  
 
COMPUTATIONAL DESIGN METHODOLOGY  
In order to establish a remote-sensing communica-
tion between the users and the platform of operation, 
and to allow their mutual involvement through ges-
ture-based control, a number of input sensor devices 
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are introduced, both to track and analyze physical 
data as well as to transmit, collect and examine val-
ues.  In parallel, computing principles are applied for 
the definition of geometric rules that lead to the 
transformation control of design results, accompa-
nied by multiple scenaria. Furthermore, a custom-
made head mounted display and a digital projector 
are used as output devices in order to extract and 
display the results of dual-user interaction, both in 
the virtual and physical world. The following sub-
sections describe in detail the different parts of the 
investigation that include system control and physi-
cal data acquisition devices, users’ actions and algo-
rithmic rules for geometrical configuration, as well as 
experimental set-up descriptions.   
 
System control and physical data acquisition 
devices 
The algorithmic control of the system is achieved 
through the visual programing environment of the 
parametric-associative design software Grasshopper 
(plug-in for Rhino 3D). The selected input sensor 
devices are distinguished into two main categories 
based on the user behavior involved, that is deter-
mined by the design scenario under investigation. In 
the first category, the Kinect camera is applied and 
used as a 3D scanner to track physical, modular 
brick arrangements by the user called ‘constructor’.  
The data is transferred to Grasshopper parametric 
environment through the Quokka plug-in. In addition, 
the ‘constructor’ is able to modify and control de-
signs by using a potentiometer and an on/off button 
input device respectively, that are connected to an 
Arduino UNO board. In this case, Firefly (plug-in for 
Grasshopper) is used to import a range of values 
from the potentiometer and 0/1 from button device. 
In the second category, the Leap motion controller is 
implemented, which is used for gestural control of 
the footprint of bricklaying compositions by the user 
called ‘VR end-user’, together with two Android mo-
bile device sensors (gravity and orientation vector), 
which tracks data during the head movement of the 
second user, using the HyperlMU (application for 
android). The hand gestures are recorded using the 
software Primate and Firefly (plug-ins for Grasshop-
per). Also, the software gHowl is used to receive the 
UDP (User Datagram Protocol) signals that are sent 
through network from the Android device.  
Finally, design results are perceived by both users, 
either by projecting them in the physical world using 
a digital projector, or by displaying them on the An-
droid mobile device screen in order to achieve an 
impression of virtual reality. In the second case, the 
software Flounder (for camera control) and TrinusVR 
(plug-ins for Grasshopper) are applied together with 
the use of a VR cardboard, functioning as a custom-
made head mounted display (Figure 1).  

 
Fig. 1. Devices and software that are used throughout 
the process 
 
Users’ actions and algorithmic rules for geomet-
rical configuration  
The suggested design results are modified and con-
trolled by the two users using a number of algorith-
mic rules for geometrical configuration. The aim, is to 
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Users’ actions and algorithmic rules for geomet-
rical configuration  
The suggested design results are modified and con-
trolled by the two users using a number of algorith-
mic rules for geometrical configuration. The aim, is to 

achieve a dual-user interactive relationship in the 
virtual environment through a mutual and parallel 
decision-making process, towards robotic construc-
tion. Each case investigated in pre-design and pre-
construction stage is evaluated by both users, giving 
them the opportunity to evaluate and modify the 
appropriate parameters in a continuous feedback 
loop process.  
The following paragraphs describe users’ actions 
and algorithmic rules influencing the results in the 
virtual environment. Two physical bricks (for experi-
mental purposes, the bricks are replaced by card-
board boxes) are initially used as modules arranged 
by the ‘constructor’, leading to the formulation of 
various bricklaying compositions. While the user 
takes decisions in regard to the arrangement of the 
bricks, the Kinect camera tracks the data, translating 
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Fig. 2. The use of Kinetic camera for physical objects 
tracking and the development of point cloud  
 
In a parallel direction, the ‘VR end-user’ can define a 
footprint of the desirable bricklaying composition and 
can observe the geometrical configuration of the 
masonry system in the virtual environment (Figure 4). 
This system, is geometrically defined by creating, 
apart from the footprint line on the basis of the sys-
tem, a tween curve whose curve factor is affected 

from changes made by the ‘constructor’ using the 
potentiometer input device (see Figure 3).  

 
Fig. 3. A potentiometer and a push button are used by 
the ‘constructor’ to modify and control the wall designs 
  

 
Fig. 4. The Leap motion controller is used for the crea-
tion of the wall’s footprint and for the navigation in the 
VR world 
 
Then, the extreme points of the curve are measured 
and the maximum distance is divided by the width of 
the modular brick so that it can create as many 
tween curves as needed, for equilibrium purposes, 
thus changing the height of the wall.  Also, a mini-
mum number of rows is maintained for design pur-
poses. An important issue under consideration is that 
the suggested design needs to be positioned based 
on zero axes position, so that the ‘VR end-user’ can 
track and navigate the design in virtual space. Serv-
ing the same purpose, the curves are rotated so that 
the line connecting the end points is parallel to the x-
axis.  Additionally, the brick outlines are displaced to 
match the center of the bottom brick with the start 
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point of each curve.  Afterwards, the bricks are 
aligned on the tangent at the start point of each 
curve.   
The next step shows the overall geometrical configu-
ration of the wall, with the bricks being arrayed along 
the curves. The number of bricks is calculated based 
on the curve length, to end up with double the bricks 
needed.  Later on, half of the bricks are deleted in-
terchangeably, in alternate rows in order to achieve 
greater stability, in a similar manner as the conven-
tional brick wall construction technique.  Once the 
architectural proposal is completed, the visualization 
stage takes place.   
The design results are observed through the VR 
headset system, using the Android mobile device. 
Values are received from two sensors, the gravity 
and the orientation vector, which are remapped to 
rotate the target of the camera in relation to the 
origin of the virtual space.  Moreover, the location 
point of the camera is moving along a vector con-
structed with the origin as its start point and the tar-
get of the camera as its end point.  In particular, this 
point is being affected by the height of the palms of 
the ‘VR end-user’, who uses the Leap motion con-
troller.  Hence, the 3D model of each bricklaying 
composition is observed and analyzed by the ‘con-
structor’ through its projection to a screen. Also, 
other output data is derived, assisting users with 
their decision-making. More specifically, this data 
relates to the capability of each masonry system to 
be robotically fabricated. It consists of the overhang-
ing surface of the bricks between the rows and the 
number of the colliding modules.  In each row, the 
percentage of the surface of the bottom face of the 
brick is removed from the faces of the bricks on top 
and then the objects are visualized with a range of 
colors.  The green color symbolizes the static effi-
ciency of the wall and the red, the inefficiency, with 
all possible stages in between (Figure 5). 

 
Fig. 5. Visualization of the colliding bricks and the over-
hanging percentage between each row 
 
In addition, due to the limitations of the mechanisms 
involved, a number of guidelines for users’ action are 
demonstrated. For instance, during the bricks ar-
rangement, the bricks should be placed right under-
neath the Kinect camera to optimize the perfor-
mance of the camera. In addition, the top brick 
should be positioned in a way that the corners of the 

bottom brick are always visible by Kinect camera. If 
these are not included in the point cloud, the digital 
created bricks are disoriented. Moreover, gestures 
limit within the range of 25cm around the Leap mo-
tion controller must be applied. In addition, while the 
footprint curve of the bricklaying composition is 
formed by the ‘VR end-user’, the user’ finger’s speed 
should be synchronized with the program response 
rate. Also, the curve is created using the seven first 
points recorded, and if the results are not desirable, 
reset is possible by reaching the lowest point of the 
Leap motion range with an open palm.  

 
Fig. 6. The design concept of the experimental set-up 
and the components used 
 
Experimental set-up 
In order to observe and analyze possibilities and 
limitations of the suggested geometrical configura-
tions as well as the overall mechanism introduced, a 
scene is set-up to conduct several experiments (Fig-
ure 6).  The experimental set-up consists of compo-
nents that are responsible for the gesture-based 
control, the acquisition of input data as well as the 
projection and VR display of outputs.  In detail, there 
is a screen measured 160cm x 165cm with a projec-
tor placed within a distance of 4 meters.  Moreover, a 
frame of dimensions 220cm x 160cm is used to hang 
the Kinect camera on top, allowing scanning of the 
physical modular brick arrangements that are placed 
on the table beneath.  The dimensions of the bricks 
used for the specific experimentation are 
30x15x.12cm and 30x20x12cm (Figure 7).  

 
Fig. 7. The experimental set-up in the physical space 
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tor placed within a distance of 4 meters.  Moreover, a 
frame of dimensions 220cm x 160cm is used to hang 
the Kinect camera on top, allowing scanning of the 
physical modular brick arrangements that are placed 
on the table beneath.  The dimensions of the bricks 
used for the specific experimentation are 
30x15x.12cm and 30x20x12cm (Figure 7).  

 
Fig. 7. The experimental set-up in the physical space 
 

The ‘constructor’ stands in front of the screen and 
next to the frame that supports the Kinect camera in 
order to physically investigate different possibilities 
for bricks arrangement, to evaluate the projected 
results, and finally to adjust, apart from the brick 
arrangement, the wall inclination using the potenti-
ometer. The selected result\s are ‘saved’ by pressing 
the on/off button. Simultaneously, the ‘VR end-user’ 
stands next to the second table with the Leap motion 
controller. The second user can control with gesture 
movements the bricklaying composition footprint and 
can perceive the overall design as well as navigate 
in the VR environment with the custom headset con-
nected to an Android device (Figure 8).    

 
Fig. 8. The VR output on the cellphone screen 
 
CASE STUDIES 
Following the experimentation stage, in this part of 
the paper three case studies are examined, present-
ed and comparatively discussed. In each case, three 
parameters are taken into consideration, the curva-
ture of wall footprint, the arrangement of bricks and 
the inclination of wall, which define the different mor-
phologies of the construction system. In addition, a 
number of output data are obtained and made avail-
able to both users, the ‘constructor’ and the ‘VR end-
user’. The information involves numerical data for 
each bricklaying composition leading to a number of 
results in term of material cost and structural effi-
ciency as well as ease of fabrication. Also, the struc-
tural efficiency of the brick walls is visualized based 
on the percentage of the overhanging surface be-
tween two rows. Also, a number of other data like the 
amount of the collided bricks, the total number of 
bricks, the curve’s length and the wall’s height are 
recorded, measured and compared. 
Three different curves of bricklaying composition 
footprints are examined, corresponding to the three 
cases. These are going to be presented in this sec-
tion of the paper. In each case, the footprint curve 
parameters remain constant but three different mod-
ular brick arrangements are implemented. In addition, 
in every brick arrangement, three cases of wall incli-
nation are examined, using the factor variables 0.35, 

0.70 and 1.00 out of 1.00. However, in the first case 
where the wall footprint is straight, the factor of the 
wall inclination is constant at 1.00.  
 
Case study A  
In case study A, the ‘VR end-user’, through gestures 
that are tracked by the Leap motion controller, cre-
ates a straight line. In this case, the potentiometer 
values controlling the wall inclination remains con-
stant. In A1 arrangement, the overhanging range is 
69-70.8%, while in A2 is 70.9-72.5%.  The parallel 
arrangement is stable enough with a percentage 
under 35%.  In all three situations, there are no col-
liding bricks and their overhanging surfaces are ac-
ceptable (Figure 9).  

 
Fig. 9. Results of case study A 
 
Case study B  
In case study B.1, the wall footprint curve and the 
brick arrangement are constant but the wall inclina-
tion controlled by the ‘constructor’ and assisted by a 
potentiometer can be modified.  At the first situation, 
the development of the wall is vertical, with the incli-
nation value at 1.00. In this case, the wall’s color is 
green, since the overhanging percentage is floating 
between 65.7-67.0% with 64 colliding bricks out of 
the total of 816.  The wall consists of 16 rows and is 
6m high.  In the next experiment, the wall inclination 
value is increased to 0.70 and the stability of the wall 
is clearly decreased, with the range now being 70.3-
74.8%.  The number of the colliding bricks is 81 out 
of 734.  In the last case, the inclination reached the 
maximum value, and the percentage of overhanging 
is above 80%, which is the minimum acceptable 
value. In this case, it is concluded that for static rea-
sons the wall cannot be constructed.  
In case B.2 the same wall footprint curve is used but 
with a different brick arrangement. In this case, the 
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top brick is overhanging to the opposite side and the 
wall is generally more balanced.  At the vertical de-
velopment of the wall, the overhanging range is 
65.9-67.1% with 84 colliding bricks. The number of 
rows is increased to 28 rows, since it is affected by 
the distance between the curve and the line connect-
ing its endpoints.  As the wall obtains inclination, the 
color is greener since it is close to the equilibrium.  
The minimum overhanging range acquired in a row 
is 54.5%. 
The same curve is retained for another construction, 
with the two bricks being parallel to each other.  
Specifically, the recorded results show that the aver-
age overhanging range of each inclination, ranges 
from 32.5% to 64.9%.  Thus, all solutions of this case 
are statically efficient but cannot be constructed 
since there are colliding bricks within the bricklaying 
system. Overall, the parallel arrangement ends up to 
more desirable solutions (Figure 10). 

 
Fig. 10. Results of case study B 
 
Case study C 
The third case, implements a double curved wall 
footprint. In this case, the number of the colliding 
bricks from the vertical wall to the inclined one is 
decreased, and so is the total number of bricks. In 
case of C2 arrangement, the results are improved 
with similar specifications.  Finally, the third ar-
rangement of bricks is the optimum among the three, 
with all percentages of the overhanging range lying 
within the desired value of 50% (Figure 11). 

 
Fig. 11. Results of case study C 
 
Discussion  
Results show that the dual-user interactive relation-
ship that can be established in virtual world, apart 
from the intuitive and tangible user interface that it 
can provide, can offer possibilities for design experi-
mentation as well as space navigation. Also, the 
suggested custom platform can give a first insight on 
the relationship that can be created between various 
stakeholders involved in a decision-making process. 
Further work will focus on new experimentation and 
case study analysis in order to verify the effective-
ness of the process and the feasibility of the results 
obtained (Figure 12).    

 
Fig. 12. The collaboration between the ‘constructor’ and 
the ‘VR end-user’ 
 
TOWARDS ROBOTIC CONSTRUCTION  
Within this framework, a number of desirable results 
produced during pre-design and pre-construction 
decision-making process will be selected for further 
execution by an industrial robotic arm ABB IRB2600-
20/1.65 and a custom gripper as a pick-and-place 
end-effector tool, which are available at the Robotic 
Construction lab that is part of d2AP research la-
boratory. Towards this direction and as part of  future 
work related to this research, results will be further 
evaluated based on their structural performance and 
ease of robotic fabrication. Also, through offline simu-
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TOWARDS ROBOTIC CONSTRUCTION  
Within this framework, a number of desirable results 
produced during pre-design and pre-construction 
decision-making process will be selected for further 
execution by an industrial robotic arm ABB IRB2600-
20/1.65 and a custom gripper as a pick-and-place 
end-effector tool, which are available at the Robotic 
Construction lab that is part of d2AP research la-
boratory. Towards this direction and as part of  future 
work related to this research, results will be further 
evaluated based on their structural performance and 
ease of robotic fabrication. Also, through offline simu-

lation process, the robotic tool path will be deter-
mined, aiming to assess the geometrical configura-
tion of bricklaying compositions in regard to their 
effectiveness, to be produced within the working 
space of robotic laboratory. 
 
CONCLUSION 
Briefly, the objective of this project is to propose an 
alternative way for pre-design and pre-construction 
decision making of masonry systems, generated 
through an interactive process between two users; 
the ‘constructor’ in the physical world and the ‘VR 
end-user’ in the virtual world. The communication 
between the two users promotes the direct and real 
time development of an architectural product, which 
is examined and attains its final form in order to be 
built by robotic fabrication mechanisms. Through the 
suggested interactive interface, the design process 
is not only accessible to architects, but to any end-
user who might be responsible to take decisions. 
Also, the project itself enables anyone to experience 
the space virtually, being either the ‘VR end-user’ or 
the ‘constructor’.  
In conclusion, the architectural outcome presented 
herein is the result of an interactive process affected 
by both users and their choices, what demonstrates 
that the participation of different stakeholders in any 
part of the design and construction decision-making 
may lead to the emergence of several design results, 
offering the possibility of selecting the best possible 
ones. Overall, by testing several case studies, the 
aim is to optimize the technical aspects of the design 
process, so that the users will be able to effectively 
end up with buildable results.   
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During the last years, the use of 3D printing has significantly increased across various industrial sectors. While in some 
areas of the manufacturing industry this technology, based on a layer-by-layer process, is already mature, in the construc-
tion sector the examples are still limited. Advocates of 3D printing technology identify its main advantages, among others, 
in terms of increased customisation options, more effective use of materials, reduced construction time and reduced labour 
on site, with the general goal of delivering tailored solutions at reduced costs, allowing a just-in-time management of the 
supply chain. 
This paper investigates the potential advantages of 3D printing in the current design and construction process, and the 
creative opportunities opened by components with custom forms, limited however by the mechanical and structural behav-
iour of the materials. 
Two theoretical applications of 3D printing are then introduced, related to the production of envelope and structural com-
ponents with variable, complex shapes. 
The first case study presents the digital design process leading to the design of a double-curved shell, housing a cultural 
centre. In this example, the 3D-printed components play the double role of structural elements and building envelope, with 
the related requirements in terms of mechanical resistance, waterproofing and thermal resistance. Besides showing the 
geometrical definition of these components, the paper considers some of the challenges related to issues such as their 
off-site production, their installation process and the structural properties of the final assembly, based on literature data. 
Finally, some economical aspects of 3D printing are discussed and compared with standardised solutions. 
Correlated with the first case study, an innovative 3D printing process for concrete is introduced. The system is composed 
by a robot with a specifically-designed, computer-controlled end-effector, which is able to deposit concrete in any position 
in a system of coordinates, allowing great freedom in the fabrication of complex shapes. The design of the nozzle and the 
related optimisation of methodology and printing parameters are presented. 
The second case study is instead a building with a green façade designed to grow vegetables and fruit. A residential 
volume is wrapped by a structure for the farming functions, whose form is the result of a parametric study on the optimal 
incident solar radiation for the growth of plants. Since the resulting surfaces are complex, 3D printing (FDM) is adopted to 
produce their components, based on a soil-less cultivation system. The rest of the building is covered by a double-curvature 
wooden gridshell, whose steel connection nodes are generated by an Evolutionary Structural Optimisation process to 
minimise the overall amount of material. The resulting complex shapes can be fabricated with the Direct Metal Laser 
Sintering process, which again is a form of 3D printing. This second case study shows the potential of parametric design 
processes and additive manufacturing to optimise the shape and the use resources of building components. 

 
Keywords: Digital fabrication, 3D printing, parametric design, innovation in construction process. 

 
INTRODUCTION 
During the last years, the use of 3D printing has sig-
nificantly increased across various industrial sectors. 
On the other hand, concepts like Smart Manufactur-
ing, Smart Production, and others related to the larger 
vision of Industry 4.0 have not yet been widely inte-
grated in the construction sector instead (including the 
manufacturing of components and their assembly on 
the construction site), especially when compared to 

their counterparts in the areas of industrial design, au-
tomotive or mechanical engineering11. However, the 
trend towards digitisation, automation and the in-
creasing use of ICT in the manufacturing environment 
is slowly extending also to the construction industry. 
Offsite production and digital manufacturing, including 
3D printing, will likely have a remarkable impact in ar-
eas such as design development, building process 
and construction management13,14. 
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INTRODUCTION 
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their counterparts in the areas of industrial design, au-
tomotive or mechanical engineering11. However, the 
trend towards digitisation, automation and the in-
creasing use of ICT in the manufacturing environment 
is slowly extending also to the construction industry. 
Offsite production and digital manufacturing, including 
3D printing, will likely have a remarkable impact in ar-
eas such as design development, building process 
and construction management13,14. 

In architecture and engineering offices, 3D printers 
will soon become an integral part of the design pro-
cess at various stages, enabling the immediate reali-
zation of sketch models directly from concept 3D files: 
from early conceptual studies, to detail development, 
and even presentation models. This will improve and 
modify the design development methods themselves, 
since on the one hand a 3D printer allows the imme-
diate visualization of the model, while on the other, it 
requires a greater accuracy in design development. 
In addition, BIM software and free-form modelling 
software enable to design directly in a three-dimen-
sional environment, by building a 3D model into a vir-
tual space, whereby two-dimensional drawings are 
obtained, reversing a procedure that was established 
for centuries. In this way, it will soon be possible to 
have continuity and greater control over all phases of 
the project, from the ideation to engineering, to the re-
alization of the physical 3D printed model, until the 
production of building components with file-to-factory 
processes. 
This will simplify the industrial production of uncon-
ventional complex shapes, even for individual building 
components, and thus will allow an increasingly ad-
vanced customisation of products in the building in-
dustry. 
The availability of non-standardized production meth-
ods and construction automation will allow the devel-
opment of a new “digital craftsmanship”: a return to 
the typical technical skills of the craftsman, but de-
clined in the field of technological innovation, recon-
necting the “split” between thought and hand, due to 
the advent of CAD software, which quickly replaced 
the manual skill of ancient tradition in the execution of 
drawings. 
In this scenario, 3D printing – an automated, additive 
manufacturing process for producing three-dimen-
sional solid objects from a digital model – could play 
a significant role and could be used not only to pro-
duce architectural and concept models useful to rep-
resent a project, but also for the production of the cus-
tomised pieces and components of the building. 
The practical application of 3D printing methods, first 
introduced in the 1980s, has been essentially limited 
to the manufacturing sector4, and only in recent years, 
there have been some attempts to extend its use to 
the construction sector, with the aim of achieving ben-
efits in terms of increased customisation, reduced 
construction time, reduced labour and construction 
costs18. 
These manufacturing technologies present many po-
tential advantages over traditional construction tech-
nologies, such as: 

- flexible design of complex shapes; 
- using multiple, environmentally friendly ma-

terials; 
- no need for formwork systems or moulds; 
- reduced transport and installation costs; 

- optimised use of materials (placed only 
where necessary for structural or functional 
reasons); 

- no waste production. 
Additional advantages can be found in the organiza-
tional aspects of the production, since it is possible to 
adopt a “just-in-time” and “on-demand” approach, 
avoiding stock and transport of prefabricated items. 
But what is even more interesting, such systems open 
up several new creative possibilities, because the 
only constraints in the production of forms are those 
imposed by the structural and mechanical behaviour 
of the construction materials and, of course, the func-
tionality of the built shape, depending on its use. 
However, while the potential of 3D printing to deliver 
complex shapes at limited or no additional cost has 
been widely touted, until now its application to real 
buildings has been rather limited beyond temporary 
pavilions or simple shelters. 
In the last years, in fact, in the field of architecture and 
construction there have been some interesting proto-
types and experimentations regarding essentially the 
construction of entire (small) buildings with materials 
such as concrete, bioplastics and clay3, or the realiza-
tion of some building components, such as structural 
joints, bricks, etc. 
With the help of two theoretical case studies, devel-
oped as final graduation projects at Politecnico di Mi-
lano, this paper explores some scenarios for the ap-
plication of different additive fabrication techniques, 
highlighting potential issues that may arise in realistic 
conditions of design, fabrication and installation. A 
proposal for overcoming some limitations in the cur-
rent 3D printing concrete process is also presented. 
 
3D PRINTED CONCRETE COMPONENTS FOR A MULTI-
FUNCTIONAL BUILDING SHELL 
 
The first theoretical case study explores some of the 
possible applications of 3D printing techniques within 
the practical and operational constraints of a small 
civic building. 
“ANT” is a concept for a series of small cultural cen-
tres conceived to improve the social conditions of 
some areas of Palermo, Italy. 
The project’s shape references the ancient harbour: 
the ANT pavilion is the hull of a ship, where the “ribs” 
are the arches of the structure, the “keel” is the roof 
ridge, while the “planking” is the outer shell providing 
the boundary between indoors and outdoors (fig. 1). 
The double curvature of the roof’s complex shape has 
prompted the idea of exploiting additive manufactur-
ing techniques to fabricate concrete elements without 
the use of bespoke formwork or moulds. Once 
stacked and suitably connected, the elements form 
both the structural arches supporting the roof and, at 
the same time, the continuous envelope surface ena-
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bling the later installation of thermal insulation, water-
proofing and external finishing layers. Thanks to the 
use of 3D printing, the components were designed for 
an optimised use of materials, with concrete concen-
trated in the stiffer areas of the ribs according to the 
load distribution. 
 

 
 
Fig. 1. Rendering of the ANT pavilion proposed for the 
Cala area of Palermo, Italy, with the double curvature 
roof articulated by the structural ribs. 
 
Structural aspects 
The design of this 3D-printed structure did not follow 
a standard linear development process. In fact, one of 
the overarching goals of the project was to express 
externally the intimate relationship between the build-
ing envelope and the structural system, which are 
seamlessly merged in the 3D-printed units. The de-
sign development followed an iterative process and 
the final result is defined not only by the double cur-
vature of the roof, as defined on architectural grounds, 
but also by the load distribution, in order to optimise 
the use of materials. 
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printed elements. 
 
Concrete was identified as a viable material due to its 
mechanical and rheological characteristics2, while an 
arched roof was the most suitable structural solution 
under the existing constraints. 
The structure is constituted by ten self-supporting 
arches of varying heights and spans. The compo-

nents of the arches are several curved concrete ele-
ments, designed so that they can be prefabricated 
with a 3D printer (fig. 2). The elements were designed 
taking into account their size and weight, to allow their 
transportation and lifting on site. Each element has a 
central part, of non-constant shape, constituting a part 
of the structural arch (fig. 3); its section and location 
with respect to the roof surface depends on the bend-
ing moment at the specific position. Each component 
also has two lateral surfaces constituting the solid por-
tion of the building envelope; their size is also variable 
to accommodate the geometry of the double-curva-
ture roof and the presence of windows. 
 

 
 
Fig. 3. A 3-D printed prototype of the structural part of 
one component. 
 
The section of the roof elements was designed to fulfil 
the resistance, plant and aesthetic requirements of a 
material of class C25 / 30 (NSC Normal Strengths 
Concrete) with a characteristic compressive strength 
fck equal to 25 MPa. 
Considering the most loaded arch among the 10 avail-
able, its weight, structural and non-structural perma-
nent loads (external finishing, insulation, plaster, false 
ceilings, hanging elements and others), live loads 
(wind, snow) and earthquake action have been calcu-
lated according to the Italian standards (NTC 2008). 
Given the complexity of the shape, it was decided to 
use a finite element FEM software (STRAUSS 7) for 
the calculation of internal forces and deformations. 
A two-hinge arch solution was chosen because the 
continuity of the arch at the top allows the two semi-
arches to be connected through a single continuous 
element that also facilitates the assembly; moreover, 
this configuration allows for smaller vertical displace-
ments. 
The shape of the cross section as well as the position 
of the reinforcement were then chosen according to 
the resulting bending moment diagram: the thickness 
was reduced with the bending moment and the rein-
forcement bars were obviously placed on the tensile 
side of each cross section (fig. 4). 
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Fig. 4. Comparison of MRd and MSd with the indication 
of the variable section of the 3D-printed elements. 
 
Installation-related aspects 
Other significant constraints in the adoption of prefab-
ricated elements lie in the operational challenges re-
lated to their size and weight, and in the procedures 
related to transportation, lifting and installation. In the 
case of a real building, these, in fact, contribute to the 
definition of the physical characteristics of the compo-
nents and have a direct impact on the construction 
costs. 
The roof of the pavilion, consisting of several discrete, 
3D-printed elements, cannot support itself, neither 
carry any additional loads, unless the arc shape of a 
single rib is fully achieved and tensioned: a centre is 
then necessary, as a temporary support that can be 
removed after the full structural element is completed. 
The arches of the ANT pavilion have all different sizes, 
so it was desirable to use a type of centre that can be 
sequentially adapted to each specific arch without dis-
mantling it each time. The choice then fell on a flexible 
bilateral steel centre, made of adjustable supports. 
Over the steel structure of the centre, then, low-grade 
wood panels (the only elements that cannot be reused 
due to the change in the shape of the arches) are 
used as a template to locate the roof units in the cor-
rect position; these can also be made to measure in 
polystyrene. 
Once the 3D-printed components are in the correct 
position, it is necessary to connect them into a rigid 
structural element through internal reinforcement bars 
and mortar joints (fig. 5). At the top of the arch, the 
connection between the last block and the keystone 
is achieved thanks to a recess in the printed concrete, 
to allow for the easy manual screwing of the joint be-
tween the reinforcing bars. These grooves are then 
restored through a mortar cast. 
Another barrier to the diffusion of solutions based on 
additive manufacture techniques is the uncertainty 
about their practical costs. While the prices of tools 
and printers has decreased sharply in the last years, 
the final cost of a 3D-printed building (or better, parts 
of it) cannot be estimated purely based on the exper-
imentations conducted so far. 
 

 
 
Fig. 5. Once assembled, the building envelope needs to 
be completed with waterproofing, thermal insulation and 
external finishing. 
 
For the ANT pavilion, it was then decided to estimate 
the cost of production and assembly of the roof struc-
ture, comparing the cost of a Binder Jetting technol-
ogy with the standard fabrication of the concrete units 
(with formworks). According to the estimation, based 
on the Italian standard price lists, it appears possible 
to save about 20% on the total costs and to reduce 
the production and assembly time by about 70%. 
These results are mainly due to the elimination of 
complex formworks for the several different elements 
and the related production and installation time. 
Once again, it is important to point out that these are 
just preliminary estimates and that are referred only to 
the fabrication and installation of the roof elements in 
concrete. 
 
MULTI-PARAMETER INTERDEPENDENCY OF CONCRETE 
3D PRINTING PROCESSES 
 
A process currently adopted to 3D print concrete is 
based on a Fused Deposition Modelling (FDM)-like 
technique, where the material is deposited layer by 
layer through an extrusion print-head mounted on a 
CNC machine or a robotic arm. 
However, especially in the 3D printing of concrete, the 
construction of the nozzle and the bonding between 
layers in 3D printing is critical in many applications9. 
The quality of the deposition process depends on how 
well various components – such as shape, materials 
and printing strategy – are balanced. These compo-
nents influence each other, they result in many differ-
ent variables, which in turn influence the output pa-
rameters of the 3D printer itself. The main parameters 
are: the shape of the printed layer, such as height, 
width and sectional shape; the strength and stiffness 
of the layer; the bond strength between the different 
layers; and the overall stability of the series of lay-
ers15,17. 
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Fig. 6. Different strategies to deposit printed layers. 
 
Examples of variables which influence those parame-
ters are the composition of the concrete mixture, the 
shape and the system of the nozzle, the printing 
speed, the hardening time, printing properties such as 
height and angle from which the adjacent layers are 
printed, environmental aspects such as temperature, 
humidity, sunlight and the shape of the printed object. 
All of those variables potentially influence each of the 
output parameters. In order to get good results, it is 
critical to be able to control these output parame-
ters15,17 (figs. 7 and 8). 
 

 
Fig. 7. Interdependency of system parameters. 
 
Some parameters – such as the smoothness of the 
printed layers, the twisting corners of extruded part, 
concrete weight and compactness, the relation be-
tween printing speed and material flow – can be con-
trolled by custom-made systems. 
For example, smoothness could be controlled by 
means of a side trowel applied to a nozzle that 
smooths the printed surface19 (fig. 10). 
Moreover, to ensure the optimization of the corner 
printing process (results shown in fig. 11), it is very 
important to add an additional axis. As a matter of fact, 
if the layer is printed without a tangential deposition 
some twist may occur. For instance, 90-degree angles 
cause twist at the corners. This happens because the 
printer follows a continuous motion: at corners the 

printer rotates by 90 degrees and provides an extru-
sion of concrete in equal direction before and after the 
corner12. Without a tangential deposition, the layer 
takes the 90° twist in its shape. 
 

 
 
Fig. 8. Components, Variables and Output parame-
ters15,17. 
 

 
 
Fig. 9. Result of increasing speed in a 3D concrete 
printing process. 
 
 

 
 
Fig. 10. Adjustable side trowel to shape different geome-
tries. 
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Fig. 11. 3D Concrete printed rounded corner. 
 
Another important aspect is the difference between 
the height of the actual layer and the expected layer 
(fig. 12). Specifically, when the first one is smaller than 
the second one, the distance between the printing 
nozzle and the previously deposited layer will in-
crease and cause changing layer shape and the re-
duction of the strength of the printed object17. In con-
clusion, an algorithmic design of the toolpath, com-
bined with a real-time physical analysis, are essential 
to predict unexpected behaviour and obtain the maxi-
mum quality of the deposition process. 
 

 
 
Fig. 12. Layers compacting by weight, variable and un-
expected slicing. 
 

OPTIMISATION OF SHAPE AND USE OF MATERIALS 
 
The second case study is instead a building with a 
green façade designed to grow vegetables and fruit.  
 
Façade containers 
The façade takes its shape from a calculation about 
incident solar radiation, which optimizes the vertical 
surface of the building, where several crops would be 
planted. In particular, the surface is discretized into 
rectangular cells where the annual solar radiation – in 
terms of incident light hours – is evaluated. The aim 
was to reach the highest number of cells that satisfied 
an Optimal Condition (OC) of 3 hours of direct incident 
light per day. As shown in fig. 13, the initial surface is 
composed of 5 curves following the building’s U-
shape and it evolves in order to reach the defined ob-
jective. The optimization process consists in the reit-
eration of the calculation on a high number of different 

configurations the façade can assume, and it ends 
when the number of cells satisfying the OC asymptot-
ically converges towards a fixed value. 
This process led to an increase of 20% in the number 
of cells suitable for farming – from 400 to 900 on a 
total of 2,400 cells. 
 

 
Fig. 13. Façade optimization process and lighting calcu-
lation. 
 
Form-finding 
The shape of the pots carrying plants was studied to 
maximise the incident solar radiation, in order to im-
prove the growing conditions of the soil-less cultures 
during the less favourable period (winter season). 
This envelope is also used as a shading system for 
the building itself. The algorithm studied for this pur-
pose generated a façade composed by unique mod-
ules, specifically studied to satisfy the following re-
quirements: growing different species of crops and 
creating a climatic buffer zone between the building 
and the outdoor space. 
The modules are composed by the following elements 
(fig. 14): 

- a growing pot provided with a hairline pipe for 
fertigation, a perforated draining surface to 
separate the soilless substrate from the ex-
hausted solution, and a bottom outlet to dis-
charge it; 

- a secondary adduction pipe, derived from the 
main one which runs all along the façade, 
with a connection junction to the following 
module; 

- a secondary pipe to collect the exhausted so-
lution. 
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One of the most complex points in the research of the 
best connection for the modules was the minimization 
of the leakage of liquid solution in the junction be-
tween them; the result is a tapped connection whose 
seal capacity is guaranteed by a gasket, which is com-
pressed between the two threaded ends of the sec-
ondary pipes. 
 

 
Fig. 14. Geometry and connection of the containers for 
soil-less growing of plants. 
 
Technology 
Because of the uniqueness and complexity of each 
module, an additive manufacturing technology was 
chosen for their production; among the different 3D 
printing techniques, Fused Deposition Modelling was 
considered the most suitable for this purpose, be-
cause of the variety of light and relatively affordable 
materials available on the market. The requirements 
of the plastic-based material for the module produc-
tion are UV ray stability, resistance to physical agents, 
durability, mechanical resistance, biocompatibility, 
thermal stability (up to 100°C) and moisture re-
sistance. The final choice, considering those parame-
ters, was the ASA polymer: Acrylonitrile Styrene Acry-
late, which is extruded at 235 - 245°C. 
The last step consisted in matching the modules’ ge-
ometry, which is the result of the algorithm-based 
form-finding process, with the production technology. 
The aim of this phase was to optimize the production 
trough 3D-printing, in order to reduce supports and 
material waste: 

- the module is placed on its rear face, in order 
to create a flat surface to orient the printing 
from; 

- the hairline pipe and the draining holes’ 
round sections are turned oval; 

- all the oblique surfaces are inclined of 60° at 
most. 

 
Structural joints for the roof gridshell 
The rooftop of the building is covered instead by a 
double-curved gridshell (fig. 15). The steel connec-
tions for this structure were studied through an Evolu-
tionary Structural Optimization process, achieving a 
better solution in terms of weight and material exploi-
tation for strains. The result of the ESO does not have 
a shape suitable for traditional manufacturing tech-
niques: using subtractive technologies would neutral-

ize the material saving represented by Topology Opti-
mization, while formative technologies would not be 
applicable at all. Additive manufacturing, because of 
its specific nature of depositing material only where 
expected (taking into account some modelling pre-
cautions), appeared as the most suitable manufactur-
ing technique. Because of the structural requirements 
of the element object of this research, metal-based 
AM techniques were chosen. 
 

 
Fig. 15. The double-curved gridshell geometry. 

 
Form-finding 
To perform the form-finding phase, a preliminary FE 
Analysis of the global structure was needed, both to 
isolate a significant joint in terms of loads and to ob-
tain the stress it has to resist. After this step, the de-
velopment process consisted of three phases: 

- Topology Optimization performed through it-
erative finite element analysis procedure; 

- mechanical validation of the obtained geom-
etry; 

- 3D-modelling optimization for Additive Manu-
facturing. 

To achieve the optimization geometry from the struc-
tural component, it was necessary to use a specific 
software: this research was developed through In-
spire by SolidThinking – Altair. The process started 
from the definition of the area that was significant for 
the optimization to which loads and constraints were 
applied; after doing this, the boundary conditions were 
set: the node receives loads from the beams on its 
extremities (Utimate State Limit according to the pre-
liminary analysis), considering two as hinges and two 
as joints. Stainless Steel AISI346L was chosen and its 
properties set into the software to perform the analy-
sis. The following step consisted in setting the target 
of the optimization: either eliminating a certain per-
centage of the initial mass, or achieving a certain 
safety factor in terms of strains. After regulating this 
parameter, the iterative process started, providing a 
new geometry for the object. In performing this pro-
cess, the technology used for the manufacturing of 
components had to be considered indirectly; steel 3D-
printed objects, in fact, do not demonstrate a perfect 
isotropy in load tests because they are composed of 
layers which are less cohesive along the Z-axis than 
the XY ones. The mechanical properties of the model 
(elastic modulus, tensile/compressive resistance) 
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safety factor in terms of strains. After regulating this 
parameter, the iterative process started, providing a 
new geometry for the object. In performing this pro-
cess, the technology used for the manufacturing of 
components had to be considered indirectly; steel 3D-
printed objects, in fact, do not demonstrate a perfect 
isotropy in load tests because they are composed of 
layers which are less cohesive along the Z-axis than 
the XY ones. The mechanical properties of the model 
(elastic modulus, tensile/compressive resistance) 

were set according to the chosen technology and AM 
material. 
The second phase was aimed at validating through 
Finite Element Analysis the outcome of the previous 
step. For this research, the Inspire software tool for 
FEA was used. 
In the last step, the specific geometrical requirements 
of the AM were taken into account. After choosing the 
best printing direction, considering a flat base and a 
vertical development of the global shape, the goal 
was to limit, or eliminate completely, the printed sup-
ports: this translates, in savings in material use and 
print time. This could be achieved by avoiding protrud-
ing parts with angle higher than 45°/60° to the hori-
zontal plane, depending on the specific machine. In 
the end, after obtaining the final output, some modifi-
cations were still necessary in terms of mechanics, 
considering instability in the thinnest part. The final re-
sult is 70% lighter than the initial node (fig. 16). 
 

 
Fig. 16. FEA of stress-configuration at Ultimate Limit 
State for the node at 75% - 50% - 30% of the initial mass. 

 
To validate the process, it would be significant to pro-
duce the final result of the optimization through Direct 
Metal Laser Sintering and subject it to load tests; this 
would allow to compare experimental results with the 
theoretical ones. 
 

CONCLUSIONS 
 
The paper investigated the potential of 3D printing 
techniques for the production of shape-optimised 
building components making an efficient use of re-
sources. While the available design tools allow to con-
trol the optimisation of shapes from different points of 
view, such as energy efficiency and mechanical be-
haviour, the production and installation of components 
still has to consider barriers and limitations related to 
physical aspects such as the material deposition, the 
weight and transportation of components, and in gen-
eral the leap from the production of a single item to its 
integration into a complex building. 
Another significant barrier to the acceptance of 3D 
printing techniques into practice is constituted by the 
high costs compared to current production processes, 
which again will require thorough investigation about 
the integration of 3D printing processes into the stand-
ard operations of construction companies. 
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Buildings need periodic revision about their state, materials degrade with time and repairs or renewals have to be made 
driven by maintenance needs or safety requirements. That happens with any kind of buildings and constructions: housing, 
architecture masterpieces, old and ancient buildings and industrial buildings. Currently, nearly all of these tasks are carried 
out by human intervention. In order to carry out the inspection or maintenance, humans need to access to roofs, façades 
or other areas hard to reach and otherwise potentially hazardous location to perform the task. In some cases, it might not 
be feasible to access for inspection. For instance, in industry buildings operation must be often interrupted to allow for safe 
execution of such tasks; these shutdowns not only lead to substantial production loss, but the shutdown and start-up 
operation itself causes risks to human and environment. In touristic buildings, access has to be restricted with the conse-
quent losses and inconveniences to visitors. The use of aerial robots can help to perform this kind of hazardous operations 
in an autonomous way, not only teleoperated. Robots are able to carry sensors to detect failures of many types and to 
locate them in a previously generated map, which the robot uses to navigate. Some of those sensors are cameras in 
different spectra (visual, near-infrared, UV), laser, LIDAR, ultrasounds and inertial sensory system. If the sensory part is 
crucial to inspect hazardous areas in buildings, the actuation is also important: the aerial robot can carry small robots 
(mainly crawler) to be deployed to perform more in-depth operation where the contact between the sensors and the material 
is basic (any kind of metallic part: pipes, roofs, panels…). The aerial robot has the ability to recover the deployed small 
crawler to be reused again. In this paper, authors will explain the research that they are conducting in this area and propose 
future research areas and applications with aerial, ground, submarine and other autonomous robots within the construction 
field.  
 
Keywords: Building Inspection – Building maintenance – Failure detection – Aerial robots 

 
INTRODUCTION 
In this paper, authors will explain the possibilities and 
benefits of using aerial robots in applications related 
with building construction and maintenance through a 
serial of steps that have been followed in a present 
and real project. It is proposed the development of the 
first aerial robotic system with multiple arms and ad-
vanced manipulation capabilities to be applied in in-
spection and maintenance activities in industrial 
plants. 
The motivation of this proposal is to avoid dangerous 
and costly work in activities such as the taking meas-
urements that require contact and installation of sen-
sors in inaccessible locations, during repairing opera-
tions and the deployment of mobile robotic systems 
enabling these robots to operate longer performing 
large area inspection without the need of human in-
tervention in these inaccessible locations. 
The objectives of the proposal are:  
1. Research and development of aerial manipula-
tion methods and technologies required to perform 
the building inspection and maintenance, with:  

• Aerial robotic manipulation for inspection and 
maintenance. The objective is to improve the opera-
tional conditions and robustness of the existing aerial 
manipulation methods and technologies, and their in-
tegration in an aerial robotic manipulation system to 
perform the inspection and maintenance applications.  

• The objective is the development of a multi-rotor 
platform that can fly and manipulate with the coordi-
nated motion of the arms. The operation with two 
arms is useful in applications such as pasting a tape 
for isolation, or to provide a fixed contact point with 
one arm while operating with the second arm. 
2. Validation of the technologies developed in a 
real environment, residential or industrial buildings: 

• Taking measurements that require physical con-
tact while flying. 

• Installation and maintenance of permanent Non 
Destructive Tests (NDT) sensors on remote compo-
nents such as pipe works, fire flares or structural com-
ponents. This application assumes the existence of 
appropriate housing for the sensor to allow a mounted 
fixation by dexterous handling.  
 
Another interesting application for this project, and 
other real examples, is the deploying a mobile robotic 
system permanently installed on a remote structure. 
Assuming the presence of a newly designed mobile 
robot the application consists of the use of the aerial 
robot to deploy the robot in the structure without costly 
and dangerous human operations. 
These general objectives above are developed follow-
ing the next Sections in the paper. 
CONTROL OF AERIAL ROBOTS WITH MULTIPLE MANIPU-
LATION MEANS 
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This task deals mainly with dynamic modelling and 
control of aerial platforms with multiple arms. In the 
first period of activity several research activities have 
been done. First, a general dynamic model of a multi-
rotor UAV (unmanned aerial vehicle) with multiple 
arms having compliant joints have been developed. 
Furthermore, three different phases have been identi-
fied in a typical mission with an aerial manipulator, 
(Fig. 1): 1) take-off/landing and flight mode, in which 
the arms are not moving; 2) approaching mode, in 
which both the UAV and the arms are controlled in po-
sition but without contact; and 3) operational mode, in 
which there is physical contact of the arms with the 
environment and application of forces. 
 

 
Fig.1. Phases in a typical mission with an aerial manipu-
lator. 
 
Finally, the aerodynamics effects of the multirotor fly-
ing very close to surfaces have been further studied. 
Different cases where the full multirotor, only one rotor 
and only three rotors are under the ground effect 
(proximity to a flat surface), and when the multirotor is 
flying close to pipes have been analyzed and tested 
experimentally in the test bench (Fig. 2). Then a map 
of aerodynamic forces in the environment has been 
developed, in which at each possible position of the 
aerial manipulator in the map, the additional forces 
and torques generated by the aerodynamic effects 
are included in the map, with the objective of being 
used in the UAV controller as a feedforward term, and 
in reactive trajectory replanning. Wind disturbance is 
not a serious problem under 30mph unless the drone 
decides to land.  
Several developments have been done in the different 
phases. A method to detect contact of the arms with 
the environment (change between phases 2 and 3) 
has been developed based on reference1 using the 
dynamic model and the compliant joints to measure 
torque in the joints, which also provides an estimation 
of the contact forces and torques. A robust nonlinear 
control strategy for the whole aerial manipulator has 
been also developed for phases 1 and 2, and tested 
in simulation. It is now being modified to also control 
the aerial manipulator in phase 3. Furthermore, a 
force control strategy for the compliant arm has been 
developed and tested, based on a joint level imped-
ance controller2. At UPC, a servoing scheme has 
been developed using numerical optimization to 
obtain the commands for the actuators3. In this task, 

a trajectory generation approach using quadratic 
programming is described for aerial manipulation, i.e. 
for the control of an aerial vehicle equipped with a 
robot arm. An overall scheme of the software 
architecture is depicted in Figure 3. 

 
Fig.2. Example of aerodynamics map: two pipes are de-
tected online with the UAV sensing system, and a map 
of the aerodynamic effects that the UAV would undergo 
if it were placed at each point in the map grid. The arrows 
in this figure mark the increment in thrust force due to 
aerodynamic interference of the rotors’ airflow with the 
pipes. 
 

 
Fig.3. Overview of the architecture pipeline for the trajec-
tory generation approach and UAM (unmanned aerial 
manipulator) control with all algorithms running on board. 
 
The proposed approach applies the online active set 
strategy to generate a feasible trajectory of the joints, 
in order to accomplish a set of tasks with defined 
bounds and constraint inequalities. The definition of 
the problem in the acceleration domain allows inte-
grating and performing a large set of tasks and, as a 
result, to obtain smooth motion of the joints. Moreover, 
a weighting strategy, associated with a normalization 
procedure, allows to easily defining the relative im-
portance of the tasks.  
The performance of the proposed technique has been 
demonstrated through real experiments with all the al-
gorithms running onboard in real time. In particular, 
the aerial manipulator can successfully perform navi-
gation and interaction phases, while keeping motion 
within prescribed bounds and avoiding collisions with 
external obstacles. A hybrid image-based and posi-
tion-based visual servoing is presented, allowing 
keeping together the main benefits of classical image- 
and position-based approaches in a common control 
framework. In fact, the presence of redundancy in a 
UAM system allows combining a number of elemen-
tary tasks with the new hierarchical task formulation 
proposed in this paper. 
PERCEPTION FOR ROBOTIC MANIPULATION IN AERIAL 
OPERATIONS 
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within prescribed bounds and avoiding collisions with 
external obstacles. A hybrid image-based and posi-
tion-based visual servoing is presented, allowing 
keeping together the main benefits of classical image- 
and position-based approaches in a common control 
framework. In fact, the presence of redundancy in a 
UAM system allows combining a number of elemen-
tary tasks with the new hierarchical task formulation 
proposed in this paper. 
PERCEPTION FOR ROBOTIC MANIPULATION IN AERIAL 
OPERATIONS 

The objective of this step is the Identification of 
targeted objects (e.g. structural elements in a building) 
and in estimating the aerial vehicle pose using vision.  
Interactive and Online Object Recognition 
The detection and tracking of an object using vision 
requires advanced techniques that adapt over image 
changes, for example due to illumination variations. In 
that sense, UPC has worked on a fast and online 
approach that progressively learns multiple object 
classifiers using scanty human supervision. More in 
detail, in the proposed method4, an inspection 
operator just needs to annotate a small fraction of 
frames from a given video stream (e.g., provided by a 
camera attached to the aerial platform) to compute 
object specific classifiers based on random Ferns 
which share the same image features. The resulting 
methodology is fast (in a few seconds, complex object 
appearances can be learned), versatile (it can be 
applied to unconstrained scenarios), scalable (real 
experiments show we can model up to 30 different 
object classes), and minimizes the amount of human 
intervention by leveraging the uncertainty measures 
associated to each classifier. 
In order to learn multiple models we propose 
computing simultaneously and in parallel multiple 
classifiers, one for each object class, and with specific 
configurations like the spatial distribution of ferns or 
the particular object size. This method is scalable for 
multiple objects since each object is learned 
independently at the time in which the operator 
selects a new object model in the video stream. This 
allows learning and detecting up to 30 object classes 
in an eficient and dynamic manner. 
UPC has validated the approach on synthetic data 
and on real sequences including industrial scenarios, 
as for the case of inspecting a pipe welding or a pipe 
fissure, shown in Figure 4. Moreover, in reference5 is 
shown that with little human assistance, we are able 
to build object classifiers robust to viewpoint changes, 
partial occlusions, varying lighting and cluttered 
backgrounds. 
 
Real-time pose estimation based on natural land-
marks (P0P) 
Physical interaction with the environment calls for 
positioning accuracy at the centimeter level, which is 
difficult to achieve in most industrial scenarios where 
GPS is not available. Moreover, not only a precise 
pose estimation is strictly required but also the 
sensors to obtain it have to consider some constraints 
in terms of weight and power consumption. 
Considering these restrictions, a good option is the 
use of visual information (i.e., cameras).  

Fig.4. Examples of the online object recognition method 
running in two inspection use cases. 
 
With regards to this pose estimation using local 
information provided by a camera, UPC has 
developed a new featureless pose estimation 
method6 that, in contrast to current Perspective-n-
Point (PnP) approaches, it does not require n point 
correspondences to obtain the camera pose, allowing 
for pose estimation from natural shapes that do not 
necessarily have distinguished features like corners 
or intersecting edges. Instead of using n 
correspondences (e.g., extracted with a feature 
detector) the raw polygonal representation of the 
observed shape is used to directly estimate the pose 
in the pose-space of the camera. Thus, this approach, 
called Planar P∅P, extracts the pose of the UAV using 
only contours of natural shapes instead of feature 
descriptors, and without the need for artificial markers.  
It consists of 4 steps: 1) initialization, to find a starting 
location to align the contours; 2) contour alignment, to 
look for the best homography alignment in the 
Homography-space; 3) pose extraction from the 
homography, to compute a first estimation of the pose 
using a novel method named Virtual 
Correspondences (VC); and 4) pose refinement in the 
pose-space.  
An example of the proposed pose estimation method 
is shown in Figure 5, where a quadrotor with a camera 
attached (pointing downwards) is localized. Notice 
how the detected figure in the floor is in this case 
synthetic but has no corners or texture. 
 

 
Fig.5. Pelican robot flight. Right: shape detection and 
camera pose provided by the UPC featureless pose es-
timation method6. 
 
 



196

Generalized pipe detection 
Pipes and tubes are common structures in building 
environments, thus detection and recognition of pipes 
is essential for image and scene interpretation. In or-
der to solve the problem without a priori data or hu-
man feedback, a generalized pipe detector based on 
visual has been developed. Notice how this is the 
most challenging of the above mentioned situations, 
and how its development can be directly exploited to 
improve the procedure for the other scenarios.  
One of the main physical characteristics of pipes, in 
terms of image processing, are the edges: even when 
they present similar hue and texture with respect to 
the background, the geometry of a pipe is noticeable. 
Another important characteristic is the material tex-
ture, however pipe detections may require computa-
tionally expensive approaches. 
The approach to detect pipes using visual information 
initially detects all the straight lines in a region of in-
terest (ROI) using the Hough transform. This ROI is a 
subset of the original image taken to alleviate the im-
age-processing task (the original frame is considered 
usable only if prior information or human supervision 
are available). The Hough transform itself is widely 
considered the strongest straight edge detector, being 
robust to discontinuities and partial occlusions. In or-
der to add robustness to illumination changes during 
the edge detection step, techniques such as the 
Otsu’s threshold can be applied.  
In a general detection case, image segmentation op-
erations may require solving ambiguities (Figure 6), 
making the detection and recognition procedures 
computationally expensive. To alleviate these proce-
dures, visual servoing techniques are used to track in 
real-time the edges of a pipe previously found.  
it is possible to estimate its pose with respect to opti-
cal center of the camera, namely C. To do so, the pipe 
is modelled as a straight homogeneous circular cylin-
der (SHCC). Hence, the relative pose between the 
pipe and C is denoted in 4 DoF, i.e. the orientation of 
the pipe axis and distance to C. This SHCC can be 
represented as a degenerate quadric equation ex-
pressed in terms of the Plücker coordinates of its sym-
metry axis (Figure 7). Then, this expression is pro-
jected into the image space with the camera projec-
tion equations to fit into the apparent contour. This 
method has been successfully tested in indoor exper-
iments, producing a relative error below 4% for depth 
estimation. Still, when the camera optical axis and the 
pipe axis become close to parallel, which constitutes 
a degenerate configuration, the method becomes in-
consistent. Further testing is needed to report more 
accurate results with industrial-like site datasets. 
 
 

  
Fig.6. Two samples of Hough transform pipe detection, 
varied materials. Random elements can be easily pre-
sent straight edges in structured environments, so the 
procedure contemplates solving ambiguities exploiting 
prior data or image processing. 

 
Fig.7. Projection of the apparent contours of a SHCC 
modelling a pipe in the image plane, with the camera pro-
jection center and the pose coordinates, from reference7. 
 
The design and development of adaptive model-
based methods for object detection and estimation 
have to be considered. Figure 8 shows the scheme of 
the method designed. There are two stages: the 
learning stage, which is performed offline  and the 
localization stage, which is perfomed online.  
The objective of the learning stage is to train feature-
based models that represent the objects of interest to 
be detected and localized in the scenario. A set of 
features are extracted from the images and are used 
to train a feature-based model that represents the 
object. Features such as SIFT, ORG, SURF among 
otherswere used. 
The models trained should be robust against changes 
in lighting conditions and against partial occlusions 
originated by the scenario or by the robot arms during 
object manipulation. 
The objective of the application stage is to use the 
trained models to detect, identify and localize the 
object in the scenario. 

 
Fig.8. Schemes of the learning and application stages for 
feature-based modelling for accurate object detection 
and pose estimation. 
PRECISE 3D MAPPING AND LOCALIZATION 
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PRECISE 3D MAPPING AND LOCALIZATION 

The first objective is to build an accurate map of the 
scenario before the inspection and maintenance tasks 
are carried out. An augmented map able to integrate 
information coming from different sources will be 
developed. Particularly, the integration of visual place 
recognition, point clouds (provided by 3D cameras or 
lasers) and range-only sensors will be developed in 
the project. The augmented map will exploit the 
synergies of all these sensors, reducing the 
dependence of a single device for localization and 
increasing the reliability of the map.  
The second objective is to develop a multi-sensor 
method for accurate 6DoF robot localization. In this 
task localization is divided in two different parts: 1) 
localization during navigation and 2) localization 
during inspection and manipulation.  
The work has been the design, development and 
testing of multi-sensor methods for accurate 
localization and mapping during robot navigation. 
Localization is based on using local sensors and a 
multi-sensor augmented map. The methods 
developed exploit the synergies between different 
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 Range sensor beacons. Measurements are not 
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m. 

 3D LIDAR. Measurements are point clouds with 
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obstacles.When near obstacles the localization 
method will integrate information from the range 
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Autonomous state estimation using high-rate low-
cost sensors 
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which presents a low computational burden. The 
proposed state estimator fuses observations from an 
inertial measurement unit, an optical flow smart 
camera and a time-of-flight range sensor, Figure 9. 
The smart camera provides optical flow 
measurements up to a rate of 200 Hz, avoiding the 
computational bottleneck to the main processor 
produced by all image processing requirements. To 
the best of our knowledge, [8] was the first example 
of extending the use of these smart cameras from 
hovering-like motions to odometry estimation, 
producing estimates that are usable during flight times 
of several minutes. Figure 10 and 11 show the 
navigation scheme and an error analysis. 

 
Fig.9. Bottom view of the Hummingbird quadrotor used 
in the experiments9. The vehicle is equipped with a built-
in IMU, a smart camera and a time-of-flight range sensor. 
 

 
Fig.10. Overview of the architecture pipeline for estima-
tion and control. 
 

 
Fig.11. Error analysis of two trajectories with 25 runs 
each. All runs are executed fully autonomously with a 
maximum cruise velocity of 1 m/s. Two trajectories are 
shown in top frames: Trajectory A (left) and B (right) In 
bottom frame is the RMSE analysis of both trajectories 
Perception for robot operation 
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UPC has been working in the analysis of the support 
sensors for aerial and ground robot operations. First, 
different sensors have been considered for robot op-
eration in industrial pipes, and specifically in those sit-
uations where the aerial robot has to obtain precise 
measurements of them meanwhile it is flying. We 
have analyzed the use of monocular and stereo cam-
eras together with 3D LIDAR measurements, and how 
this information can be fused to obtain precise estima-
tions robot and object pose estimations. We have also 
studied which techniques can be used for this opera-
tion, and at present some tests have been done using 
monocular SLAM and line detections from pipes' 
edges.  
Second, we have analyzed which are the sensors re-
quired to help the crawler landing operation in the pipe 
and to grasp it, including different alternatives in ref-
erence to the landing operation control: manual, semi-
automated or fully automated. In each of these alter-
natives, we have discussed the sensors and tech-
niques to be used, and how we will integrate the hu-
man-in-the-loop.  
Finally, we have analyzed how to combine the meas-
urements from crawler sensors when this is perform-
ing an inspection task on a pipe, leading to the con-
clusion that crawler localization estimations are sub-
ject to the final prototype sensors' precision. In case 
of precise measurements, the crawler IMU and 
wheels' odometry estimations can be combined to ob-
tain the localization of the crawler at low frame rate 
(between 1Hz and 5Hz), including localization up-
dates from the aerial robot when the crawler operates 
in its FoV, allowing detections of artificial markers us-
ing computer vision techniques. 
The combination of the previously mentioned sensors 
of the aerial and crawler robots are schematized in 
Figure 12. 

 
Fig.12. Conceptual scheme of sensors to be used from 
the aerial and crawler robots for pipe inspection opera-
tions. 
 
 
 
 
 
 

CONCLUSIONS 
In this article a systematic way to build a project for 
buildings inspection and maintenance has been 
explained. When unmanned aerial vehicles are used 
in this kind of applications, some steps have to be 
followed due the high complexity in giving autonomy 
to those robots. Teleoperation is only useful at high 
distances, but when robot approaches to surfaces an 
automatic navigation scheme has to be used, and this 
a real challenge. With the use of robotic technology 
(not only aerial) many solutions can be given to 
building construction, inspection and maintenance.  
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Abstract – 3DCP (3D concrete printing) recently gained a 
rapid development and showed a large range of potential 
applications in construction. The latter may drastically 
evolve thanks to the technique used in 3D printing, which 
consists in an additive manufacturing process where 
products are built on a layer-by-layer basis, through a series 
of cross-sectional slices. This article examines the use of 
industrial existing solutions to match the need for 3DCP 
based on the extrusion technique in the construction 
industry. The first part of the paper adapts an intermediate 
route with existing technologies. After that, the coordination 
of those technologies is set to develop an operational 3D 
Printer. Based on this experimentation, we propose an 
application framework for 3D printing in construction 
based on the extrusion technique piloted by a robotic arm. 

 
Keywords – 3D printing; Industrial Robot; Construction 
industry; Additive manufacturing; Concrete, robotic arm 

1 Introduction 
3D printing (3DP) or “additive manufacturing (AM)” 
experienced a rapid growth in the last two decades, it arouses 
great expectation on many minds from researchers and 
professionals to entrepreneurs and hobbyists [1]. 3D printing is 
defined by the American Society for Testing and Material 
(ASTM) as the process of joining materials in order to make a 
whole object from a 3D model data [2]. 
 
The ASTM, in collaboration with the international Organisation 
for Standardization (ISO), defines standard terminology for AM. 
The document divides the AM technology into seven different 
processes as detailed in the Table 1, Table 2, and Table 3. 
 
The rapid evolution of this technology makes the classification 
into categories difficult. A recent survey in 2016 [1] shows that 
Selective Laser Sintering (SLS), Fused Deposit Modeling (FDM) 
and Stereolithography (SLA) are the most used technologies in 
the world. The control of materials enables the freedom to 

manufacture any desired geometry, which gives 3D printing 
advantages over conventional techniques [3]. 

Process automation improved the efficiency of many 
industrial segment in production. The construction industry, 
however, is still way behind in this quest of efficiency [4]. The 
adoption of automation, specifically the AM can bring 
significant improvements in terms of safety, economic benefits, 
and project completion on time and on budget [4]–[6]. 

Advanced automation has improved the efficiency of the 
manufacturing sectors [7]–[9]. The construction industry, on the 
other hand, has been skeptical to embrace new technologies, 
such as automation. The last game changing technology was the 
crane tower. Significant improvements could be gained from 
introducing new technologies.   
 

3D printing takes an active part in the Fourth Industrial 
Revolution. Through literature, we identified projects linked to 
3D Printing in Construction such as (non-exhaustive list) : 
Contour Crafting [10], 3D-P (MIT) in United State, Winsun in 
china, D-Shape from Italy, CyBe Construction from the 
Netherlands, Lund University from Sweden, Eindhoven 
University of Technology from the Netherlands [8], XtreeE 
from France and last but not the least in the region of  “Haut de 
France” Ecole Centrale de Lille [11]. 

The differentiating line between traditional manufacturing 
methods and 3D printing methods is still not clear, thus it is 
important to establish a framework to qualify components or 
products that could be manufactured using 3D printing 
techniques. This framework should also be dynamically updated 
to be in sync with the latest developments in 3D printing 
processes. 

 The challenge being made for 3D printing is the scale and 
the complexity of geometry. Some works have already 
demonstrated that complex geometries could be realized with 
3DP at a desktop scale [8], The 3D printing process is based on 
the FDM technique (the material is deposited layer by layer 
through an extrusion printhead) [12].
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Table 1: Type of technology used in 3D printing  

Type of AM Material extrusion Power Bed Fusion 
Specific name FDM (Fused Deposit 

Modeling) 
MJF 

(Multi 
Jet 

Fusion) 

SLS 
(Selective 

Laser 
Sintering) 

SLM (Selective Laser Melting EBM 
(Electron 

Beam 
Melting) 

Material Composite  Plastic Plastic Plastic Metal Metal 
Information  - Fused 

with 
agent 
and 

energy 

Fused with Laser Fused with 
electron 
Beam 

Companies 
using these 

technologies 

Stratasys, Ultimaker, 
Printbot, Markforged 

(composite) 

HP EOS, 
3DSYSTEM, 
SINTERIT, 

Sintratec 

EOS, 3DSYSTEM, SLM, Conceptlaser Arcam AB 

 

Table 2: Type of technology used in 3D printing  

Type of AM Vat Photopolymerization Material Jetting 
Specific name SLA 

(Stereolithography) 
DLP (Digital 

Light 
Processing) 

CDLP 
(Continious 
Digital Light 
Processing) 

Material 
Jetting (MJ) 

Nanoparticle 
Jetting (NPJ) 

Drop On 
Demand 
(DOD) 

Material Plastic Plastic Plastic Plastic Metal  Wax 
Information  cured with lazer Cured with 

projector 
Cured with 

led and 
oxygen 

   

Companies 
using these 

technologies 

3DSYSTEM, Formlab, 
DWS 

Envisiontec Carbon3D, 
Envisiontec 

Stratasys, 
3Dsytem 

XJET Solidscape 

 

Table 3: Type of technologies used in 3D printing  

Type of AM Direct energy deposition Sheet lamination Binder jetting 
Specific name Laser 

Engeneering 
Net Shape 
(LENS) 

Electron Beam 
Additive 

Manufacturing 
(EBAM) 

Laminated Object Manufacturing 
(LOM) 

Binder Jetting (BJ) 

Material Metal Metal Composite Paper Gypsum sand Metal 
Information  - - - - - - 
Companies 
using these 

technologies 

Optomec SCIAKY Inc Mcor, Impossible Object, 
envisiontec 

Voxeljet, 3Dsystem, ExOne 

 

2 Research objectives 

2.1 Goal of the current study 
There is no relevant guideline for the 3DCP in terms of 

machinery specification or material formulation “concrete 

formulation”. No criteria are yet set to limit the machinery nor 
the concrete specifications. Thus, various effort must be made 
to standardize the 3DPC technology in the construction industry. 
It is commonly accepted that the printing material should 
respond to a certain number of specifications, to be considered 
printable, such as its workability, buildability, shape 
stability[13]. No standardized method for evaluating printability 
of construction materials (and specifically cementitious 
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materials) is developed and validated. The goal of the current 
study is to present a framework for a robotic arm-based 3D 
printer applied to construction and the evaluation of the 
optimum characteristic of this printing process. It should be 
noted that only the robot’s speed, printing quality, and fresh 
properties (workability) of the printing mixture are considered 
in this study. Further research is being conducted to investigate 
the structural requirements for the hardened printing mixture. 
The development of this kind of framework for laboratory 
testing will contribute to establishing 3D printing guidelines for 
the construction industry. 

3 Experimental program. 

3.1 Basics of the 3D printing process 
The process of 3D printing is composed of 3 main steps [1]: 
 

1. Create a virtual object using a CAD (computer-aided 
design) technologies. this is the digital design information 
needed to print an object. Digital models can be created 
from scratch using design programs such as CAD or by 
using a scanner to capture a 3D virtual image of an existing 
object. 3D modelling software “slices” the model into 
hundreds or thousands of horizontal layers, depending on 

the size and structure of the object to construct a physical 
object out of the virtual model. 

2. Choose the right Material. The object should be able to 
withstand the stress and the external. 

3.  Choose the right 3D printer. The Choice of the hardware 
is essential to create the solid object from the digital model. 
The choice is linked to the material because of the 
hardware specifications that come in various forms. Other 
criteria for selection are linked to whether the application 
is intended for public consumers or companies. 

3.2 Plastic 3D printer vs 3D Concrete printer 
Figure 1 presents a comparison between the printing process 

of Plastic 3D printer and 3D Concrete printer. One main 
difference is the trajectory, which is executed by a robotic arm 
(for 3DCP) instead of the commonly used cartesian robot (for 
Plastic 3D Printer). From the material standpoint, a pump is used 
to bring and extrude the concrete to the head printer. The box 
“3D Printer” in the figure constitutes the “hardware” and 
consists of elements (type of robot, head printer, and extruder) 
that are assembled together. 
 
 

 

 
Figure 1: comparison between Plastic 3D printer and 3D Concrete Printer
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3.3 The framework for a robotic arm based on the 
extrusion technique  

The framework connects the material used for printing and 
the 3D Printing machinery with the aim of determining the 
optimum use of the material on hand and the proper process to 

manage the machinery. Figure 2 presents the proposed 
framework for the robotic arm based on the extrusion technique. 
The framework was designed to be applicable to different 3D 
Printing robotic arms in Construction. 

 
 
 
 

 

 
Figure 2: Proposed framework for a robotic arm intended for 3D Concrete printing
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3.4 Concrete printing setup (machinery) 
This section details the elements that compose the mentioned 
framework. 

3.4.1 Six axis industrial robot 
An industrial robot is a manipulator designed to move materials, 
parts, and tools, and to perform a variety of programmed tasks 
in manufacturing and production settings. Industrial robots are 
reshaping the manufacturing industry. They are often used to 
perform duties that are dangerous or unsuitable for human 
workers. The six axis robot is used to follow and simulate the 
trajectory of the printing process [14]. 

3.4.2 Mixer and screw pump 
Pumping concrete is a widely used method for distribution and 
placement of concrete [15]. Concrete distribution is based on the 
pumpability of materials which depends on different parameters 
such as flow, placement of concrete and hardened properties. In 

the proposed framework, we use a universal screw pump 
suitable for mortar distribution. The speed and reversible paddle 
rotation can ensure an optimized mixture even for difficult 
products to batch such as semi-dry mixtures and thixotropic 
products. 

3.4.3 Printable material 
A premix of Cementous material was developed with regard to 
the constraint imposed by the pump, robot, and layer by layer 
manufacturing process. The mixture is composed of cement (35 % 
of total Weight), fine aggregate (Ø ≤ 4 mm), and an admixture. 

3.4.4 Complete experimental setup “printing machine” 
Figure 3 presents the complete experimental setup of the 
construction printing process. The different components are 
linked together, to coordinate the task in hand an autonomous 
controller enslaved the pump and Robot for control and 
programming.

 

Figure 3: Complete experimental setup for 3DCP

 

4 Results and discussion 

4.1 Optimal characteristics of the printing machine 
 To find the optimum pump flow for the 3DCP based on 

the proposed framework, cords are printed at different 
flow rates. Each cord contains 4 segments. 

 The speed is defined using an interval [a, b, c, d] that 
contains 4 values. Each value corresponds to the print 
speed value of a segment. Figure 4 shows the 
trajectories with the different speed values for each 
segment. 

 The flow of the pump is controlled by a laboratory 
power supply that gives an output voltage between 0 - 

10 V. For a given voltage, the flow is constant 
depending on the material characteristics. The flow is 
then fixed using a constant voltage for cords test and 
linked to the best printing quality obtained. 

 From the pump control system standpoint, a lower 
input voltage means a low flow output. 

Figure 4: Robot trajectory for calibration of optimal 
characteristic 

Table 4 presents a synthesis of each proposed test on the first 
cords printing tests. Error! Reference source not found. 
illustrates the texture and quality of the first cords printing tests. 
The pump is not used at its optimum, and therefore it induces 
unsteady flow and a sinus printed cord as we can see in Figure 
5. 
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Figure 4: Robot trajectory for calibration of optimal characteristic 

Table 4 : Speed of robot and input voltage for pump flow 

  
  

Speed of robot (cm/s) 
[a, b, c, d] 

Pump voltage(V) 

Test 1 [5, 6, 7, 8] 1.5 
Test 2 [5, 6, 7, 8] 2.5 
Test 3 [5, 6, 7, 8 ] 3 
Test 4 [8, 9, 10, 11] 3 
Test 5 [8, 9, 10, 11] 3.5 
Test 6 [12, 13, 14, 15] 3 

 

 
Figure 5: Different cords for test of printing
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Figure 5: Different cords for test of printing

 
 

 
4.2 Printing tests for flow and printability 
The first printing test was to print the acronym “CC4.0” in order 
to test circular and linear trajectories, with five layers of 10 mm-
height each. Table 5 highlights the difference between the 
robot’s speed and the flow of the pump. 

Table 5: Speed of robot and input voltage of the screw pump 

Speed of robot and input voltage on pump 
Test Interval 

Speed 
(cm/s) 

Pump 
voltage 

(V) 
Test 1 12 3 

Test 2 4 - 1 1.8 - 2.05 

Test 3 8 - 6 1.8 - 2.05 

 
Figure 6: Printing test 1 

 
Figure 7: Printing test 2 

 

Figure 8: Printing test 3 

Figure 6, Figure 7, and Figure 8 reveal the three printing tests. 
We can observe that the printing speed, the layer height, the flow 
delivered by the pump, and the nozzle size affect the printing 
quality [16]. 

4.3 Printing quality and printability window 
The printed material’s texture is pasty and rough in the 

corner but soft in the upper face as illustrated in Figure 9. The 
printed material does not present any cracks at the base (first 
layer). Due to the anisotropic nature of FDM printing, the 
printed materials are weaker in one direction (effect of the 
layer’s orientation). The superposition of materials layer by 
layer with a rectangular form and rounded ends creates stress 
concentration and eases the formation of cracks. The material’s 
behaviour at early and mature ages influence the superposition 
process and the overall properties of the final object [14]. 

 
Figure 9: Height and superposition of the printed layers 

5 Conclusion 
Additive manufacturing offers new production opportunities 
such as the manufacturing of highly customized modules. For 
the construction industry, 3D printing is highly dependent on the 
control of every entities that constitute the printing system. In 
this article, we proposed an application framework for a robotic 
arm based on the extrusion technique. This framework connects 
the material used for printing and the 3D Printing machinery 
with the aim of determining the optimum use of the material on 
hand and the proper process to manage the machinery. 

The second part of the paper determines, based on 
experimental tests, the optimal set characteristics of the printer. 
The latter is 8 cm/s in speed of printing and a pump voltage of 2 
V. Limitation on the printability window of Cementous material 
and poor control on flow of the pump are areas of optimization 
in future research studies. 
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Maintenance of timber structures has long been a significant issue to be concerned. Exposing to sunlight and weather is 
the most common threat to wood, which leads to ongoing decay of the material. Required measures might include painting, 
water repelling, stain removing and so on, while different measures have different maintaining periods. 
For normal weathering of exterior wood materials, basic sanding, cleaning and coating every 2-3 years is both economical 
and sufficient. 
Inspired by the City Climber developed by CCNY, the Selfsandingbot is hence introduced, in aid of this periodical and 
manpower-demanding maintenance work. With a built-in suction motor, the Selfsandingbot is capable of moving up and 
down the building façade, sanding it automatically without the need of scaffolding. Not only is it capable of moving around 
flat surfaces, the two-plate design allows the Sandingbot to rover across rough areas like places with cracks and bumped 
surfaces like window frames. The flexibility between the sanding machine and the vehicle enables the sanding plate to 
slightly rotate according to the surface feature. To enhance, the sanding machine is designed to be detachable from the 
vehicle and could be replaced by oiling or painting gadgets.  
The Self-Sanding System is then developed, considering the implementation of the Selfsandingbot on site. Through as-
sessment, the number of Selfsandingbots which are required to release concurrently could be decided. Next, boarders and 
openings of the façade should be accurately defined and imported into the computer which remotely navigates the 
Sandingbots. One technician is therefore in this case adequate for the total maintenance work of a medium sized timber 
structure.  
 
Keywords: Wall climbing robots, Sanding machine, Timber structures maintenance 

 
1. INTRODUCTION 
The use of timber as a building material has been 
quite common since the beginning of human civiliza-
tion. Traditionally, timber in buildings are referred to 
post-and-beam structures, while recently an increas-
ing attention is being placed on the usage of lami-
nated mass timber. Advantages of using timber as a 
construction material are that it is remarkably strong 
in relation to its weight, that it’s a regenerative re-
source, and that it to some extent adjusts indoor hu-
midity and temperature. However, despite widely 
used, the maintenance of timber structures is still an 
issue to be concerned.  
Attempting to solve one of the most common prob-
lems on timber facades - weathering, a designed sys-
tem combining robotics and building refurbishment 
technique is being presented in the following context. 
Not only aiming on reducing manpower and time 
through robotic implementation, but also on improving 
the efficiency of maintenance work by a detailed sys-
tem planning.   
The paper shall give insight into the design through 
project description, graphic demonstrations and finally, 
design details followed by possible future develop-
ments. 

2. THE PROJECT 
The project focuses on designing a robotic system 
which could improve the condition of existing timber 
facades. For common weathering of outdoor wooden 
structures, sanding is generally required. The goal is 
to simplify the procedure of normal façade sanding, 
which requires scaffolding for surfaces above a cer-
tain height and a high demand of manpower, making 
façade refurbishing in the future more efficient and ap-
plicable. 
The Leis Houses of Peter Zumthor at Vals, Switzer-
land (Fig. 1) 1 was selected as an illustrating example 
for the project. They are a series of three story high 
housing buildings using planed solid timbers to stack 
up the exterior walls. 

 
Fig.1. The Leis Houses 
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Fig.2. Front elevation of the Leis Unterhus 
 
Built in 2009, the façades of the Leis Houses today 
show moisture and weathering stains under window 
frames and around corners. 2 (Fig. 3) 

 
Fig.3. Current condition of the façade, Leis Unterhus 
 
3. DESIGN APPROACH 
The design approach was based on the axiomatic de-
sign theory3. According to the theory, design is com-
posed of four domains: customer, functional, physical 
and process as shown in Fig.4.  

Fig.4. Axiomatic design table 

4. THE DESIGN 
Going through from the customer domain to the pro-
cess domain, design of the Selfsandingbot System 
can be divided into three major parts: the sanding ma-
chine, the wall-climbing robot and the operating sys-
tem. 
 
4.1 Sanding machine 
The choice of sanding machines requires considera-
tions on its weight, its sanding movement patterns 
and its dust extraction function. In order to guarantee 
the mobility of the Selfsandingbot, a weight no more 
than 4kg for the sander is desirable. Sanding actions 
considering mobility, shall affect the movement of the 
entire Selfsandingbot as slightly as possible. With a 
possibility of working high up on building facades, the 
sander should also be equipped with its own dust ex-
traction device to avoid dust generated during the 
work affecting the surroundings. 
BLACK & DECKER KA300-QS Sheet Sander was se-
lected accordingly. 4 (Fig. 5) It is an orbital sander with 
1.5kg in weight and extracts sanding dust with a vac-
uum adaptor. 

 
Fig.5. BLACK & DECKER KA300-QS Orbital Sander 
  

Customer)Domain Functional)Domain Physical)Domain Process)Domain

to#select#the#proper#grit#size

to#identify#the#stained#location

define#coordinates#of#the#façade

technician#operating#alongside

Short#working#period multiple#sandingbots#working#at#once

extraction#of#sawdust#suction#adapter

period#of#emptying#dust#bags

Robotization#sanding#system

Timber#facades#well#maintained##
Periodical#refurbishing Sanding#and#oiling#procedure

Easy#application#

To#reduce#interruptions

No#scaffolding Wall#climbing#machine
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4.2 Wall-climbing robot 
To have the ability to move vertically around rough 
surfaces was the only, yet hard-to-meet requirement 
for the wall climbing robot. Through research, the City 
Climber came into sight. 
The City-Climber (Fig. 6) 5 is a wall-climbing robot de-
veloped by CCNY robotics lab. Through aerodynamic 
attraction, it could easily move around on rugged sur-
faces like brick walls and could even transit between 
different surfaces.6 

 
Fig.6. City-Climber prototype-I approaching a window on 
brick wall 
 
The City-Climber is 1kg in weight and can take 4.2kg 
additional payload when moving vertically on brick 
walls, 5 while in this project, they are only required to 
move on smoother timber surfaces. This makes it 
easy for the City-Climber to carry the 1.5kg sheet 
sander. So far, several prototypes of the City-Climber 
have been presented, including the one selected for 
this project: prototype-II. (Fig.7) 5 The 2-connected-
panel structure allows the robot to transverse be-
tween planar surfaces. 

 
Fig.7. Two robot modules connecting by a hinge in +90° 
 

Combination of the sanding machine and the City-
Climber works by connecting the sander between the 
two robot modules with hinges, allowing rotation of the 
sanding machine against the vehicle when transiting 
between planes.  

 
Fig.8. Selfsandingbot at corners 
 

 
Fig.8. Selfsandingbot crossing over window frames 
 

 
Fig.10. Perspective view of Selfsandingbot crossing over 
window frames 
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4.3 Operating system 
A simple procedure of operating the Selfsandingbot 
system contains 3 steps. 
 
Step1: Assessment 
Assessment includes identification of the wood spe-
cies used, the type of decay and the location of stains. 
Wood species determine the sanding speed and grit 
size selection of the sanding pad. The type of decay 
decides whether sanding procedure is required or not. 
Identifying the location of stains is at this stage also 
manually done.  
 
Step 2:  System setting  
The locations of stains observed from the first step are 
noted in coordinate formats. Setting the system re-
quires inputting the location of the stains as well as 
defining the boundaries and corners of the façade. 
 
Step 3: Operating 
The entire system requires a technician to launch the 
Selfsandingbots. Depending on the workload, multi-
ple Selfsandingbots shall work simultaneously. 
(Fig.11) The dust bags will be emptied periodically by 
the technician alongside and at the end of the work 
retrieved with the Sandingbots.  

 
Fig.11. Selfsandingbots working simultaneously 
 
5. FUTURE DEVELOPMENTS 
For future developments, oiling gadgets can also be 
designed to attach to the City-Climber. After complet-
ing the sanding procedure, designed painting equip-
ment can replace the sanding machine and carry out 
oiling services for the finishing of timber facades, im-
proving the performance of the Selfsandingbot sys-
tem.  

 
Fig.12. Designed oiling gadget 

 
Fig.13. City-Climber equipped with designed oiling gadg-
ets 
 

 
Fig.14. Side view of City-Climber equipped with designed 
oiling gadgets 
 
6. CONCLUSION 
Timber in the modern days has regained its popularity 
among architects, due to the advancements in wood 
treatment technology and the rising awareness of en-
vironmental protection. By utilizing the Selfsandingbot 
system, the maintenance issue for outdoor timber ma-
terials could be minified. Timber used as building fa-
cades can be easily refurbished after weathering and 
maintain its condition.  
Through inputting the technique of the City-Climber, it 
enables the sanding work to proceed without the need 
of scaffolding, which not only cuts down maintenance 
cost but also ensures safety of technicians, moreover, 
the input of robotic systems reduces total working 
hours in repetitive tasks. 
The performances of the Selfsandingbot in different 
façade situations are graphical demonstrated along 
with step-by-step illustration of the operating system 
in the paper. 
Next steps of the Selfsandingbot system could be en-
hancing the functions through attaching auxiliary 
gadgets including oiling devices or adding stain rec-
ognizing sensors to improve the intelligence of the ro-
bot on navigation, reducing manual workload on stain 
identification and surface boundary defining. 
Another direction could be to upgrade the device with 
ultrasonic echo techniques. Not only aiming on elimi-
nating the superficial flaws but also providing the sys-
tem with the ability to detect serious decay within 
structures. 
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Abstract:  The main factor influencing the architecture 
of energy efficient buildings is the climate. The features 
of the climate in the southern Russia, which can be 
attributed to a mixed type: with cold winter and hot 
summer is analyzed. In this case, the architecture of 
energy-efficient buildings of the mixed climate should 
have characteristics (features) of two types: for with 
summer climate and for winter climate, and combine 
heating and cooling measures that do not conflict with 
one another. In connection with this important 
improvement and development of a typology of 
buildings with regard to their energy efficiency is 
topical. 
Features energy-efficient buildings and 
recommendations for shaping the building envelope, 
use of structures and devices to cool the building in the 
hot season and heating, including passive solar, in the 
cold season, aimed at improving the energy efficiency 
of buildings in a mixed climate are analyzed. 
Proposed types of stationary solar protection device, 
their design, calculation algorithms are fixed in the 
Russian Code of Rules “Solar Shading Devices. Rules 
of Design”. Formation of "smart" devices of passive 
solar heating and cooling, based on solar geometry 
and, in particular, the solar ray daily cone, is 
considered. 
Depending on the amount of solar radiation, five zones 
are proposed in the territory of the Russian Federation. 
For each of the five zones, the cooling period of the 
building is proposed, on which the choice of the 
parameters of the solar ray daily cone depends on the 
shape of a solar protection device. A map of isolines of 
solar radiation for July in the North Caucasus and 
Southern Federal Districts of the Russian Federation is 
proposed, which can be used to calculate heat input 
through translucent structures.  
 
Keywords: Energy efficient building, mixed climate, 
solar radiation, passive solar heating, shading 
devices,  
 
INTRODUCTION 
The reason for the ecological situation tense is the 
unbalanced activity of cities with Nature. As a result, 
the degradation of the Biosphere is the initial source of 
all subsequent negative phenomena leading to human 
regression, an increase in the pathology of 
consciousness, the emergence of social conflicts, 
man-made disasters, wars, etc.  
Therefore, the key issue is to achieve the state of 
biosphere compatibility of modern Russian cities, and 
the principle of biosphere compatibility should be 
fundamental in their town planning, strategic planning 
and resettlement methodology. 
In qualitative terms, these are characteristics such as: 
the degree of renovation of the territory from waste and 

its involvement in economic circulation; the amount of 
investment in the "green" industries and the creation of 
new workplaces; availability of housing; reduction of 
energy resources consumption for provision of city life; 
reduction of carbon dioxide emissions, etc. [1]. 
For areas with a large number of sunny days a year (for 
example, in the Southern Federal District from 2000 to 
2500 sunny days per year), the energy efficiency of 
buildings can be significantly improved through the use 
of a passive solar heating strategy. This strategy is 
universally applicable for a little-storey and partially for 
multi-storey new and reconstructed buildings and can 
be implemented by designers in order to reduce the 
consumption of non-renewable energy sources for 
heating [2-4]. 
In 2016, by assignment of the Federal Autonomous 
Institution "Federal Center for Standardization, 
standardization and technical evaluation in 
Construction" together with the Crimean Federal 
University of V.A. Vernadsky developed a draft Code 
of Rules "Solar protection devices of buildings. Design 
rules » [5]. 
The effectiveness of the use of solar protection devices 
in buildings for various purposes has been repeatedly 
proven by domestic and foreign research [6 - 8]. It is 
also obvious that the economic efficiency of their use 
depends largely on the climatic conditions of the 
construction site. 
Unlike most European countries, where the climatic 
conditions are fairly homogeneous, in such states as 
Russia, the United States, China, Ukraine they differ 
radically in different regions. So, for example, in 
normative documents of Ukraine [9] the territory of the 
country is divided into 5 main zones of architectural and 
construction regionalization. 
In the Crimean Federal University of V.I. Vernadsky 
monthly maps of solar radiation isolines on a horizontal 
surface under conditions of actual cloudiness in W h/m2 
are developed, which is necessary for the calculation 
of heat input through translucent structures. For 
example, this article presents the results for the North 
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CLIMATE AND ISOLINE MAPS 
Most of the energy needs of an energy-efficient house 
in southern Russia can be provided by sunlight and 
heat, thereby reducing the cost of other energy 
resources by 40-60%. 
The architectural - construction climatic region of the 
southern Russia is characterized by the fact that 
according to the parameters of winter it should be 
referred to the winter dominant climate, and by the 
parameters of summer to the summer dominant 
climate. 
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Abstract:  The main factor influencing the architecture 
of energy efficient buildings is the climate. The features 
of the climate in the southern Russia, which can be 
attributed to a mixed type: with cold winter and hot 
summer is analyzed. In this case, the architecture of 
energy-efficient buildings of the mixed climate should 
have characteristics (features) of two types: for with 
summer climate and for winter climate, and combine 
heating and cooling measures that do not conflict with 
one another. In connection with this important 
improvement and development of a typology of 
buildings with regard to their energy efficiency is 
topical. 
Features energy-efficient buildings and 
recommendations for shaping the building envelope, 
use of structures and devices to cool the building in the 
hot season and heating, including passive solar, in the 
cold season, aimed at improving the energy efficiency 
of buildings in a mixed climate are analyzed. 
Proposed types of stationary solar protection device, 
their design, calculation algorithms are fixed in the 
Russian Code of Rules “Solar Shading Devices. Rules 
of Design”. Formation of "smart" devices of passive 
solar heating and cooling, based on solar geometry 
and, in particular, the solar ray daily cone, is 
considered. 
Depending on the amount of solar radiation, five zones 
are proposed in the territory of the Russian Federation. 
For each of the five zones, the cooling period of the 
building is proposed, on which the choice of the 
parameters of the solar ray daily cone depends on the 
shape of a solar protection device. A map of isolines of 
solar radiation for July in the North Caucasus and 
Southern Federal Districts of the Russian Federation is 
proposed, which can be used to calculate heat input 
through translucent structures.  
 
Keywords: Energy efficient building, mixed climate, 
solar radiation, passive solar heating, shading 
devices,  
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rules » [5]. 
The effectiveness of the use of solar protection devices 
in buildings for various purposes has been repeatedly 
proven by domestic and foreign research [6 - 8]. It is 
also obvious that the economic efficiency of their use 
depends largely on the climatic conditions of the 
construction site. 
Unlike most European countries, where the climatic 
conditions are fairly homogeneous, in such states as 
Russia, the United States, China, Ukraine they differ 
radically in different regions. So, for example, in 
normative documents of Ukraine [9] the territory of the 
country is divided into 5 main zones of architectural and 
construction regionalization. 
In the Crimean Federal University of V.I. Vernadsky 
monthly maps of solar radiation isolines on a horizontal 
surface under conditions of actual cloudiness in W h/m2 
are developed, which is necessary for the calculation 
of heat input through translucent structures. For 
example, this article presents the results for the North 
Caucasus and Southern Federal Districts.  
 
 
CLIMATE AND ISOLINE MAPS 
Most of the energy needs of an energy-efficient house 
in southern Russia can be provided by sunlight and 
heat, thereby reducing the cost of other energy 
resources by 40-60%. 
The architectural - construction climatic region of the 
southern Russia is characterized by the fact that 
according to the parameters of winter it should be 
referred to the winter dominant climate, and by the 
parameters of summer to the summer dominant 
climate. 

In Krasnodar, the average winter temperature in 
January is -0.10С (cold five-day -180С) and the average 
summer temperature in July is + 23,40С (hot five-day + 
250С) in July. Therefore, the climate of southern Russia 
can be called a «mixed climate». In this regard, the 
typology of energy-efficient buildings is significantly 
more complicated with increasing the efficiency class 
of the building. 
The influence of the climate of two periods on the 
microclimate of living quarters can be reduced, first of 
all, due to the architecture of the building. And only in 
the second - due to engineering solutions [6] 
Of particular importance for southern Russia are solar 
protection devices due to the high amount of solar 
radiation and the high average daily temperature in the 
summer months. For comparison, the number of hours 
of sunshine per year in the north of Europe is 1300-
1500, in Krasnodar is 2000-2500. 
"Smart" devices of passive solar heating and cooling 
(air solar collector, solar space, solar protection 
devices) are an integral part of the energy-efficient 
building and are tested.  
 

 
 

Fig.1. Map of isolines of the heating degree days 
(HDD) in the territory of the southern Russia 

 
For convenience in the design of buildings and 
structures, and in particular, the calculation of heat 
losses and energy efficiency class, maps of the isolines 
of the heating degree days (HDD) of the Southern 
Federal District (Fig. 1) were developed.  
The main parameter of the climate, which determines 
solar architecture, is the total solar radiation on a 
vertical surface with actual cloudiness.  
To construct an isoline map (Fig. 3) of solar radiation, 
it was necessary to collect data on the total solar 
radiation under actual cloud conditions, which falls on 
the vertical surface of the southern orientation during 
the heating season in the cities of the Southern Federal 
District, as well as in the cities of the neighboring 
countries for more accurate construction of isolines. 
 
YIELD HEAT ENERGY AND BOUNDARY OF THE 
USE OF A TRANSLUCENT STRUCTURE 
In the passive law energy architecture there can be 
three systems of passive solar heating of the building - 
direct solar heating, solar space (greenhouse, winter 
garden, atrium) and an air solar collector. 
 

 
 
Fig. 2. Map of isolines of specific yield heat energy in 
the heating period for windows of southern orientation 

with the minimum allowable resistance to heat 
transfer for the Southern Federal and North Caucasus 

districts, W∙h/m2 ∙ year 
 
In article [4], the evaluation of the advantages of the 
passive solar system was made on the basis of the 
yield specific heat energy due to solar heating during 
the heating season in the climatic conditions of the 
southern Russia (Fig. 2). Analyzing the obtained data, 
it can be concluded that the most energy-efficient 
method of passive solar heating, aimed at improving 
the energy efficiency of the building, is an air solar 
collector. The air solar collector of the energy efficient 
building is shown on Figure 3. 
Depending on the degree of the heating season and 
solar radiation, recommendations can be made on the 
use of the type of passive solar heating device and the 
choice of a translucent structure with optimal 
characteristics. 
 

 
 
Fig. 3. Air solar collector in an energy efficient building 
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Fig. 4. Total solar radiation on a horizontal surface in 

July, W h/m2. 
  

GEOMETRICAL MODEL OF INSOLATION 
PROCESS  
         When designing solar protection devices to 
account for both passive cooling in the warm period of 
the year and passive heating in the cold period of the 
year, it is necessary to take into account the total solar 
radiation with actual cloudiness in the construction site 
and the orientation of the building facades (Fig. 4) 
        Differences in the positions of the Sun for different 
orientations and time of year are determined by the 
daily cone of solar rays (DCSR) (Fig. 5). 
 

 
 

Fig. 5. Geometrical model of the solar ray daily cone: 
А – insolated point ; Ф – solar ray daily cone; α – 

angle between the generator of the cone and its axis; 
Π – horizontal plane; δ - latitude; i – axis of the Earth 
rotation; S, N – directions to the south and north; Srise 
– sunrise direction; Sset – sunset direction; H6 - the 

angular height of the sun at noon in June 
         
The basis of all methods of forming stationary shading 
devices is the geometry of the apparent movement of 
the sun across the sky, namely the geometric model of 
the insolation process in a point on the Earth during the 
day. This model is a one-parameter set of solar rays 
coming in one point on the earth's surface during the 
day and is a solar ray daily cone (DCSR) [5]. Using the 
solar ray daily cone is the basis of all methods of 
forming solar protection devices (SPD), as well as the 
majority of methods of determining the duration of 
insolation. 
 

The methodology for designing a SPD with the use of 
a solar ray daily cone is described in [5]. 

With the daily cone of solar rays (DCSR): 
 the angular height of the sun at noon H12 for 

the selected day of the year - is used in 
calculating the parameters of the position of 
solar collectors and photovoltaic panels; 

 azimuths of the sunrise Srise and sunset Sset 
for the selected date - used when 
determining the duration of insolation; 

 time of sunrise τrise and sunset τset of the Sun. 
The horizontal plane Π cuts the cone on two 
generators, which indicates the directions of the 
sunrise and sunset in horizontal projection. Srise is the 
azimuth of sunrise. Sset is the azimuth of sunset.  
When designing the solar protection device (SPD), it is 
necessary to take into account the differences in the 
amount of solar radiation on the building facades of 
different orientations during the winter and summer 
periods of the year. Average monthly solar radiation 
(direct and scattered) for four orientations of the facade 
in July in Belgorod is shown in Figure 6. 
 

 
 

Fig. 6. Average monthly solar radiation (direct and 
scattered) for four orientations of the facade in July in 

Belgorod depending on the time of a day (500 N.). 
 
Five main zones were identified according to the 
conditions of total annual solar radiation on a horizontal 
surface under the actual cloud conditions: 
          - the first zone - 900 kWh / m2 or less; 
           - the second zone - over 900 to 1000 kWh / m2; 
           - the third zone - over 1000 to 1100 kWh / m2; 
           - the fourth zone - over 1100 to 1200 kWh / m2; 
           - the fifth zone - over 1200 kWh / m2. 
It is necessary to provide shading of translucent 
structures during the overheating period (cooling 
period of buildings) depending on the total amount of 
solar radiation: 
           - in the first zone - it is not regulated; 
           - in the second zone - from May 22 to July 22; 
           - in the third and fourth zones - from April 22 to 
August 22; 
           - in the fifth zone - from March 22 to September 
22  
To ensure visual comfort in the premises and privacy 
at night, solar protection devices should be provided for 
all orientations of the facades of buildings, including 
northern, in climatic regions where the polar day is 
observed in the summer. 
In climatic regions with a predominance of sunny 
weather in the cold period of the year, it is necessary 
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scattered) for four orientations of the facade in July in 

Belgorod depending on the time of a day (500 N.). 
 
Five main zones were identified according to the 
conditions of total annual solar radiation on a horizontal 
surface under the actual cloud conditions: 
          - the first zone - 900 kWh / m2 or less; 
           - the second zone - over 900 to 1000 kWh / m2; 
           - the third zone - over 1000 to 1100 kWh / m2; 
           - the fourth zone - over 1100 to 1200 kWh / m2; 
           - the fifth zone - over 1200 kWh / m2. 
It is necessary to provide shading of translucent 
structures during the overheating period (cooling 
period of buildings) depending on the total amount of 
solar radiation: 
           - in the first zone - it is not regulated; 
           - in the second zone - from May 22 to July 22; 
           - in the third and fourth zones - from April 22 to 
August 22; 
           - in the fifth zone - from March 22 to September 
22  
To ensure visual comfort in the premises and privacy 
at night, solar protection devices should be provided for 
all orientations of the facades of buildings, including 
northern, in climatic regions where the polar day is 
observed in the summer. 
In climatic regions with a predominance of sunny 
weather in the cold period of the year, it is necessary 

to ensure the possibility of providing passive solar 
heating of premises to reduce the energy costs for the 
operation of the heating systems of buildings. 
For each of the five zones, the cooling period of the 
building is required, which is necessary to select the 
parameters of the solar ray daily cone [5].       
When designing automatic SPD, you need to take into 
account solar geometry, otherwise it will not be either 
openable or shadowed, albeit automatically. 
It is impossible to intelligently design a "smart" SPD 
without taking into account solar geometry. For 
example, on the eastern and western facades, the 
sun's rays will penetrate the room through horizontal 
blinds. At any position of the slats lamellas in automatic 
mode (except for completely closed), the sun will 
penetrate into the room and create a blinding 
brightness 
The figure 7 shows a solar map with a shadow mask 
from horizontal slats for the eastern facade. 
Throughout the year, the rooms will receive a blinding 
brightness in the period from sunrise to 10 - 11 hours. 
The longitudinal position of the slats lamellas should be 
determined with consideration of solar geometry and 
can be found using solar maps. The transverse position 
of the lamellas changes during the day and is provided 
by the automation system.  

Fig. 7. Solar map and shadow mask 
 
CONCLUSIONS 
We three systems of passive solar heating of 
residential buildings - direct solar heating passive solar 
heating, solar space and an air solar collector were 
considered. Assessing the benefits of passive solar 
system was made for the yield of specific heat due to 
solar heating during the heating season in the climatic 
conditions of the southern Russia, taking into account 
the orientation of the facade. 
 
 
 
 
 
 
 
 
 
 

As a solar protection can be considered various 
measures - the rational orientation of the facades, the 
rational planning of the premises (loggias, visors on the 
facades, blinds, roller blinds, etc.), planting green 
plantations near the facades of buildings, the 
equipment of translucent structures with solar 
protection devices. In all cases it is necessary to use 
solar geometry, the values of solar radiation and the 
temperature of the outside air. 
Formation of "smart" devices of passive solar heating 
and cooling, based on solar geometry and, in 
particular, the solar ray daily cone, is considered. 
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The availability of relatively cheap technology for monitoring and sensing has led to an increasing adoption of solutions 
for monitoring buildings and users' behavior. As a result, big amounts of data are typically collected based on empirical 
guidelines, to be exploited for assessing building performance, evaluating user's comfort, or for defining policies for En-
ergy Management Systems. Besides, data collected at the district level are not yet fully deployed and integrated at the 
building level. Based on these preliminary considerations, a research experience has been carried out at Italian national 
level within the project “Zero Energy Buildings in Smart Urban Districts”. The project aimed at the definition of a methodo-
logical framework for monitoring and data analysis, starting from a campaign for monitoring users' comfort, building 
thermal performances and energy production/consumption in order to increase energy efficiency of existing buildings. 
Considering the very characteristics of the existing building stock, non-invasive technologies empowered by smart devic-
es (such as proprietary BMS - Building Management Systems) are used for the real-time monitoring control of environ-
mental parameters and of the energy production/consumption by means of smart devices. The infrastructure allows the 
interoperability between heterogeneous devices to facilitate integration between smart-building oriented technologies and 
smart-districts, enabling interaction “building to building” within the district. 
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INTRODUCTION 
The EU Energy Efficient Buildings and Zero Energy 
Buildings programs underline Europe's commitment 
to reducing CO2 emissions (through more efficient 
use of energy) and promoting the integration of re-
newable energy sources into the built environment. 
Despite the considerable progress made in new 
construction, existing buildings, and historical ones 
in particular, still require specific attention, as well as 
methods and tools for energy efficiency and ade-
quate automation1.  
Furthermore, the district or district level is not yet 
sufficiently explored and integrated with the building 
scale. 
Starting from these premises, the paper introduces 
the outcomes of two recent research projects devel-
oped in Italy finalized to the development of a meth-
odological framework to manage data related to the 
monitoring and control of user behaviour in order to 
implement smart building management systems. 
In these projects, the increase in the energy efficien-
cy of buildings and, more in general, of urban dis-
tricts is pursued through a pervasive use of monitor-
ing technologies and real-time control of environ-
mental parameters and consumption/production of 
energy through smart devices for a retrofitting with 
pervasive technologies but as non-invasive as pos-
sible. 

The first presented project, Smart Campus as Urban 
Open Labs (SCUOLA), aims at the development and 
test of an advanced system able to integrate various 
aspects related to the Smart Grid (from the innova-
tive RES and non-RES generation, through the en-
ergy efficiency of the building envelope and mechan-
ical systems, to the integration of advanced commu-
nication technologies) with the final goal to provide 
services to the citizen like increased liveability and 
involvement into the city life. 
The second project, Zero Energy Buildings in Smart 
Urban Districts (EEB), aims at defining a series of 
HW and SW methodologies and infrastructures allow 
the realization of interventions characterized by an 
optimal cost/benefit ratio aimed at energy saving in 
existing public and private buildings, in particular 
historical ones, and to propose an innovative AR 
data presentation system. 
In particular, the lesson learned from these experi-
ences will be explored. The first project, SCUOLA, 
led to the methodological framework development 
and the second one, EEB, to its validation. 
The paper is articulated as follows: the first section 
introduces the methodological approach of the re-
search, the second one describes the implementa-
tion of the solutions in two case studies and the third 
discusses the final outcomes. 
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The paper is articulated as follows: the first section 
introduces the methodological approach of the re-
search, the second one describes the implementa-
tion of the solutions in two case studies and the third 
discusses the final outcomes. 
 

METHODOLOGY 
In this section the methodology applied to both pro-
jects is presented to highlight the steps and the re-
spective goals reached. The combinations of ap-
proaches and lessons learned become the benefits 
that lead to the validations of the whole outcomes. 
SCUOLA project aims to address the issue of energy 
efficiency in the electrical and thermal fields, coordi-
nating the objectives of high-energy efficiency of 
buildings provided by the European NZEB standard2 
with the efficiency of the distribution networks, from 
the average to the low voltage. In this framework, the 
project embraces new automation techniques for 
secondary substations, coordinating their functioning 
on the grid side and on the user side. 
The experimentation considered both passive and 
active users and both from electrical and thermal 
point of view. 
The project is structured into three connected phas-
es and subdivided in respective work packages as 
summarized in Fig. 1. 
Phase 1 foresees the framework architecture of 
smart grid and case studies definition (WP2), phase 
2 focuses on the development of components, defini-
tion of energy management algorithms, and system 
integration (WP3 to WP9) and finally phase 3 is the 
demonstration of the integrated system (WP10). 
WP1 and WP11 followed and coordinated all the 
other WPs as a backdrop. 
 

 
 
Fig. 1. Methodology structure of the SCUOLA project 
 
WP1 and WP11 followed and coordinated all the 
other WPs as a backdrop. 
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way, the systems tested on the pilot cases can be 
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of buildings, inserted in a district context and consid-
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Smart City scenario. 
Even for EEB, the demonstration activities were a 
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The demonstrator has allowed both educational and 
industrial partners to test innovative technologies in 
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tion time and intended use, based on strategies and 
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point of view, through simulations interdisciplinary.  

 
Fig. 2. Conceptual scheme of interdisciplinary integra-
tion of the topics developed during EEB project. 
 
In particular, the authors investigated a building on 
the university campus of the Politecnico di Milano 
(see next section for more details on case study 2). 
During the monitoring activities, very often the main 
decisions (e.g. selection of spaces to be involved 
and instrumented, appropriate sampling strategy, 
evaluation of summarization and aggregation tech-
niques) are taken on the basis of the primary objec-
tive of each campaign and the adopted solutions are 
usually not clearly documented in the literature. 
Moreover, since there is no de-facto standard ap-
proach on space instrumentation setup, it is difficult 
to benefit from any previous work about other case 
studies or to compare different solutions. 
The main aim of our research is to fill the gap: we 
have proposed a methodology that takes into ac-
count the relevant aspects of an effective monitoring 
strategy for smart buildings in order to set up, control 
or assess the conditions of the spaces and their 
occupants. Moreover, Fig. 2 outlines the possible 
usages of the presented framework, it supports the 
design of new monitoring and exploitation processes 
and helps comparing and classifying existing works. 
The result is the Building Monitoring and Exploitation 
(BuildME) framework represented in Fig. 3 for the 
design of monitoring and exploitation processes 



218

related to smart buildings located in different dis-
tricts. 

 
 
Fig. 3. The conceptual model implemented by the pre-
sented framework, taken from 3 
 
In this scenario the energy efficient management is 
performed by applying demand-response strategies 
and comprises a wide set of applications ranging 
from energy audit, to comfort analysis and models’ 
calibration. BuildME is general enough to help com-
pare, reuse and classify existing works: the idea 
stemmed from the challenge to setup a monitoring 
campaign and the difficulty in finding useful guide-
lines in the literature for the specific campaign and in 
comparing the available previous work.  
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Methodological framework for data analysis  
The BuildME framework defines dimensions that are 
the main characterizing features of a monitoring and 
analysis campaign. Intuitively, they are the dominant 
elements the planner would identify for describing 
the campaign and the use of the collected data. 
Relevant dimensions may change from case to case; 
therefore, we provide a set that includes all the ones 
that have deemed interesting in any of the study 
cases found in literature. The set includes, but is not 

limited to, the following dimensions (a more detailed 
discussion is available in 3): 
 Objective(s), modelling the main goal of the 

monitoring campaign. This is the primary dimen-
sion, driving most of the subsequent choices. 
Among the possible values for this dimension, we 
mention Key Performance Indicators (KPIs) for 
energy usage or users’ comfort, thermal or ener-
gy modelling of building, building envelope profile 
extraction. 

 Data consumer, specifying the type of final user, 
whether human or machine; this aspect influ-
ences how data are collected and maintained, 
with respect to the detail and richness of the in-
formation. 

 Type, specifying whether the campaign is charac-
terized by a single-phase or by multi-phases; in 
particular, data might be collected at first to de-
rive a model of the system and later to control 
and optimize usage, therefore different policies 
and strategies will apply during the overall cam-
paign, based on the current phase. 

 Mode, indicating when/how the collected data will 
be used. This dimension refers to the fact that 
data is consumed in real-time or, off-line, in 
batch, to extract knowledge from the collected 
data. This dimension is clearly related to the ob-
jective dimension. 

 Sampling, specifying how data should be collect-
ed. It is possible to adopt a strategy either event-
driven, where samples are collected when a sig-
nificant change of value occurs, or a strategy that 
periodically collects values (time-driven), or a mix 
of the two. The first approach tends to be con-
servative in sensor power consumption and data 
storage, the second does not require the setting 
of a threshold to deem changes in the values to 
be significant. When selecting the most appropri-
ate solution for the sampling strategy, a parame-
ter needs to be also set: in the event-driven solu-
tion the threshold for the significant change of 
values should be indicated, while in the time-
driven, the sampling frequency has to be speci-
fied.  

 Granularity, indicating the level of aggregation 
that will be used when analyzing data with re-
spect to time interval. More specifically, possible 
values for this dimension are hourly, daily, week-
ly, monthly, seasonal, to indicate how data will be 
interpreted. Indeed, on different time spans it is 
possible to experimentally observe different cor-
relations among variables, e.g., the correlation 
between internal and external temperatures is ev-
ident on a monthly basis but it is much less 
marked on a daily one. This information can be 
used to determine how to collect data and how to 
aggregate it. The next two dimensions are actual-
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ly closely related to this one, as they further spec-
ify how to process data to obtain the desired level 
of abstraction. 

 Aggregation, indicating the operator to be used to 
summarize data based on how sensors are posi-
tioned/used (e.g., using the average, the median, 
…). 

 Segmentation, defining the time window to split 
streams of data. Time series segmentation is the 
procedure necessary to split the series into a set 
of disjoint segments. For instance, it is common 
to segment on a daily basis, discard non-
occupied hours and non-working days, and then 
perform the analysis. To provide a more general 
framework, it is interesting to evaluate different 
segmentation intervals, e.g., weekly basis, as 
suggested by the characteristics related to a 
working week, to detect useful knowledge such 
as frequent patterns or relevant changes. 

 Duration, defining how long the monitoring cam-
paign will run. The selection of the appropriate 
duration of the campaign is influenced by the two 
identified skew factors: users' behavior and 
weather conditions. The important aspect is to be 
able to determine an appropriate time span to 
make sure to capture all relevant events or char-
acterizing conditions.  

 Spaces, indicating how the spaces to be instru-
mented are selected. In some situations, it is 
necessary to use a subset of the spaces, when 
performing monitoring for controlling purposes, all 
spaces need to be instrumented. In the former 
case, attention should be devoted to selecting 
representative spaces. 

 Redundancy, specifying whether redundant 
measures are collected. This dimension is rele-
vant when the accuracy of the measurements is 
fundamental (e.g., model / profile extraction is the 
main objective of the campaign). In such cases, 
the strategy should also define how redundant 
data are to be managed. This dimension, togeth-
er with the next ones, refers more in general to 
data quality, which might have different require-
ments based on the main goal.  

 Outliers, stating whether data cleaning proce-
dures are requested. As mentioned, it is possible 
to have data that are not accurate because of 
many reasons. This dimension indicates whether 
such erroneous data should be specifically man-
aged (e.g., for anomaly detection) or the normal 
processing procedure autonomously tolerates 
this kind of minor issues. 

 Missing values, stating whether missing data 
should be completed. The above consideration 
on fixing problems with the collected data can be 
applied to situations where there are missing 
samples from the collection and if ad-hoc tech-

niques should be exploited to derive the missing 
values, or if the final outcomes of the exploitation 
of the data with missing values would only mar-
ginally be affected, such that there is no need for 
a direct intervention. 

From a certain point of view, these are the questions 
to be answered when a monitoring and analysis 
campaign needs to be planned and implemented, 
whose answers will lead to choose between availa-
ble alternatives.  
For each dimension, we have identified a set of pos-
sible values, being them the specific characterization 
of the campaign. As for the dimensions, also the 
adopted sets of values can be extended or refined 
based on experience and/or needs (an extension 
has already been introduced w.r.t. 3).  
Some dimensions are related, so that when selecting 
a value for a dimension, the value of another dimen-
sion might be consequently selected, or discarded.  
 
CASE STUDIES 
The methodological framework has been defined by 
surveying literature and by making a systematic 
extraction of the features of the deployed monitoring 
infrastructures and the characteristics of the pre-
sented outcomes of the study cases, when available. 
In particular, when trying to classify and summarize 
the presented solutions, sometimes information was 
missing or not easily deductible, which led to the 
initial set of dimensions and values, later integrated 
for a more comprehensive proposal. Such a meth-
odological framework has later been used on a 
number of study cases, to plan the necessary cam-
paigns.  
Validation has been empirically performed by apply-
ing the framework to the new contexts and by verify-
ing that the planner was able to specify all relevant 
information as well as receive suggestions on the 
most reasonable choices to achieve the expected 
outcomes from data exploitation. Here we present 
two case studies. 
The first one aims at collecting information to im-
prove energy consumption in existing buildings by 
devising solutions based on the performance of the 
buildings and the usage of energy. In this perspec-
tive, the monitoring campaign is mainly used to per-
form an analysis used to model energy consumption 
for a subsequent intervention to improve it.  
The second case study refers to the exploitation of a 
monitoring infrastructure to feed an H/BEMS devoted 
to improving energy usage while not compromising 
users’ comfort.  
Two different scenarios have been used to exercise 
the framework and highlight missing information or 
potential limitations.  
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Case Study 1  
The SCUOLA case study has been named as C-
ASA Shelter, a prototype for a new energy autono-
mous module connected to a smart grid to be placed 
in the university campuses hosting spaces and ser-
vices for the students.  
The building selected as test bed for the SCUOLA 
project is a small building that hosts service spaces 
and it can be considered as representative of several 
small structures around the campus with different 
functions.  The shelter provides energy produced by 
hybrid solar panels (thermal and photovoltaic):  
250W of electrical power and 1040 W of thermal 
power. Four smart sockets have been installed on 
the external façade of the module and a study space 
as been equipped for the students outside the build-
ing. Students may individually activate the smart 
plugs through a mobile app using their personal 
Politecnico di Milano account and work in the open 
air while recharging their laptop. 
In addition, 6 faculty offices on both sides of the 
building have been instrumented to collect environ-
mental and energy consumption information, as well 
as the comfort of the user.  
In the SCUOLA project a monitoring and data analy-
sis campaign has been carried out with the goal of 
performing occupants’ thermal comfort analysis and 
more in detail, differently from EEB, the aim is to 
perform an hourly analysis for the optimization model 
adopted by the EMS. The result of the BuildME ap-
plication is depicted in Fig. 5: the two projects have 
many dimension values in common, however in 
SCUOLA data are processed in real-time and the 
EMS takes decisions based on the comfort level 
perceived in the previous hour, without applying any 
aggregator operator to reduce redundancy. 
In this situation, single missing values are replaced 
with the last valid value, while missing burst are 
replaced with the burst of the last sensed day.  
 

 
 
Fig. 5. BuildME applied to the SCUOLA project 

Case Study 2 
The EEB case study is an existing building of the 
Campus Bassini in Milan of Politecnico di Milano.  
The building has a regular rectangular plan, oriented 
along the North-South direction and it is constituted 
by two parts, one built in 1965 and the other, more 
recent, built in 1991. The building is structured into 
one basement and four floors above ground, in 
which there are meeting rooms, offices and work-
shops for teaching and research and a large class-
room in the header. The entire area of the building is 
1350 m2 for around 150 daily users (considering 
students, professors and temporary visitors or ser-
vices). The building has a load-bearing structure 
made of reinforced finished concrete and the enve-
lope is built with a coating of prefabricated panel with 
a very low thickness of insulations.  
A monitoring and data analysis campaign has been 
carried out on this case study 2 with the goal of per-
forming occupants’ thermal comfort analysis to be 
performed for three different specific objectives: 

1. daily analysis for fine-grained thermal com-
fort level analysis to extract a model of the 
building performance with respect to energy 
consumption; 

2. monthly analysis for coarse-grained thermal 
comfort-level analysis; 

3. extraction of the performance model of the 
building 

A single-phase campaign was planned manually with 
the help of domain experts for the selection of rooms 
to monitor, the sensors to use, the sampling strategy 
and its parameters to adopt. The result is depicted in 
Fig. 6: we have adopted a data-driven sampling 
strategy, with a sample every 6 minutes.  

 
 
Fig. 6. BuildMe applied to the EEB Project 
 
Sensors were placed by using a redundancy policy, 
i.e., two temperature sensors situated at 1 m from 
the floor in each room (Fig. 7). The campaign dura-
tion was set to one year and involved six offices. 
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the floor in each room (Fig. 7). The campaign dura-
tion was set to one year and involved six offices. 

 
Fig. 7. Schematic section of sensor positions for EEB 
case study – Campus Bassini Politecnico di Milano 

To determine the level of comfort, e.g., the class for 
the ISO 7730/20056 national regulation, an analysis 
of the air temperature of an ambient is performed, 
and the class the ambient belongs to is derived by 
computing the percentage of samples included in 
each temperature range within the reference time 
period. 
In EEB data are processed off-line: to remove re-
dundant values, the adopted data aggregation oper-
ator is the mean; moreover, we have performed no 
missing value imputation discarding the missing 
burst of data, i.e., we discard days without enough 
samples, and we have taken into account single 
missing values. Outlier detection is performed by 
using a median filter.  
 
RESULTS AND DISCUSSION 
BuildME has been defined to support the planner of 
a monitoring campaign in the design and implemen-
tation of the ICT infrastructure, the selection and 
programming of the sensors, the collection of the 
data and their exploitation in the most effective way. 
Its definition comes from the review of the broad 
literature reporting use cases of monitoring cam-
paigns related to energy efficiency (e.g. 4,5,6,7). Once 
the framework has been defined, it has been used to 
carry out the design and use of the monitoring cam-
paigns for the EEB and SCUOLA project, as well as 
for other ones. The framework proved to be useful 
and to speed up the design and choices among 
alternatives.  As an example, consider the sampling 
frequency when targeting a campaign devoted to 
analyze users’ comfort. While guidelines and past 
experiences may suggest a very fine-grain sampling, 
an analysis of the outcomes of the interpretation of 
the collected data showed that the incurred error is 
negligible if lower frequencies are adopted (see the 
data reported in Fig. 8). In fact, while raw data is 
collected with a 6 minutes frequency, it can be seen 
that by sampling data every hour (label s60flt in the 
figure) the amount of collected data is significantly 
reduced of an order of magnitude, while the incurred 
error is negligible for the final analysis. On the con-

trary, using a 180 minutes sampling frequency would 
lead to a too relevant error (label s180flt in the fig-
ure).  
The BuildME framework allows one to benefit from 
this experience, so that in future applications of the 
methodology for this specific target objective, the 
planner will be suggested the most effective sam-
pling frequency. 
 

 
Fig. 8. Error ratios with respect to sampling frequency 
 
User’s comfort: mobile app and web portal 
Within both case studies, the framework has also 
been used in a different way to quickly identify the 
relevant information to be collected and visualized to 
allow the user i) to express her/his perception of the 
ambient conditions, and ii) to view the overall condi-
tions (comforted and monitored physical environ-
mental conditions) of the occupied spaces. 
More precisely, a mobile application has been de-
veloped to allow the user to specify her/his percep-
tion of the temperature, humidity and air quality. The 
framework allowed to focus on the relevant parame-
ters to be collected with respect to what the H/BEMS 
was actually going to exploit, without collecting re-
fined information that was not going to be used (in 
Fig. 9, screenshots from the mobile app). 
 

 
 
Fig. 9. Screenshot from the mobile app for expressing 
user's perceived comfort. 
 
Similarly, when deciding how to collect data for 
providing feedback to the user on the ambient condi-
tions, the methodology contributed in supporting the 
selection of the sampling windows, the granularity of 



222

the information and the aggregation operators (in 
Fig. 10 a screenshot of the web portal). 
 

 

 
Fig. 10. Screenshots of the portal reporting monitored 
data (users’ expressed comfort – above, and energy 
usage – below). 

Following the first definition of the framework1, it has 
been adopted in other case studies, and extended, 
to fit new needs. 
 
CONCLUSIONS 
In this paper we have reported the definition and 
usage of a multidisciplinary methodological frame-
work for the design and exploitation of monitoring 
campaigns for energy usage optimization in smart 
buildings and smart districts. The users are also part 
of the picture as they are the main actors being both 
the stakeholders (with respect to comfort) and the 
final users of the energy.   
The framework aims at supporting the modelling of 
all relevant aspects of the campaign; not only it is 
possible to decide among the alternatives, but also 
to report the adopted choices for documentation. 
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Abstract:   
Studies of the relationship between environmental urban conditions, the architecture of buildings and the global 
climate change are becoming more relevant today as living conditions in numerous megacities are rapidly deterio-
rating and the climate change seems to be not slowing down. Deeper understanding of the interconnections of local 
and global phenomena will allow architects to properly take into account relevant environmental, climatic and human 
factors, to evaluate potentials and to create favorable ecological and healthy urban environments and settlements. 
The problems of combined consideration of the biosphere, climate saving and human needs for urban developments 
within arctic regions, steppes and deserts, the most vulnerable from the point of view of the state of the biosphere, 
are particularly acute. The authors of the article conducted a study of the environmental impact of building construc-
tion and development of new urban territories in the extreme conditions of the Far North and Northern Africa. Archi-
tect M. Eichner, one of the authors of the article, developed an urban project for the North African desert areas based 
on climatic, social and environmental integration. Conclusion of the authors: the use of sustainable planning meth-
ods, taking local climatic conditions and environmental factors into account (building orientation, natural ventilation 
of landscape and built areas, sun shading of buildings and public areas), a live cycle evaluation of used material and 
energy resources in buildings and infrastructure (environmental friendly materials, renewable energy use in build-
ings, resource saving district design) will allow creating biosphere-compatible spaces with minimum impact on the 
climate and environment almost anywhere in the world. 
 
Keywords: biosphere compatibility, climatic conditions, favorable living environment, sustainable architecture. 

 
INTRODUCTION 
Climate saving architecture is a relatively new discipli
ne within architectural design theory and building pra
ctice, but gaining more and more importance today. T
his does not mean, that in previous times the need to 
consider climatic factors for the construction of buildi
ngs and cities were ignored, but only the limitation of 
negative impacts of the weather on thermal and spati
al conditions of buildings was considered to be neces
sary. Today, the negative impact of buildings on our lo
cal environment and global climate as well as on the 
health and productivity of building users are severe p
roblems, the significantly increase of extreme weathe
r events require new efforts and methods of all stake
holders in the building sector. The authors research o
n the impact of different housing building typologies i
n different climatic regions on the global climate by si

mulating the Global Warming Potential (GWPG) in [k
g CO2-Äqu./(m2NRF·a)], the relationship of renewab
le to non-renewable energy of primary energy consu
mption (PEe,G / PEges,G) of buildings  and amounts 
of other environmental harmful emission (ODP, POC
P, AP, EP).  The very long life-cycles of buildings, cal
culated up to 50 years according to international sust
ainable certification systems like the DGNB system, c
reate risks of energy use ‘lock-in’ with the effect of lo
w ambition for climate saving enhancement of buildin
gs and cities for decades, freezing high levels of har
mful emissions on a large scale. Using state-of-the-a
rt sustainable standards immediately, for both new an
d retrofitted buildings, would alleviate this hazard [1]. 
This requires a deeper understanding of climate impli
cations of building typologies to motivate planners to 
switch to building designs and a building material use 
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with low environmental impact. 
 
CO2 reduction in housing buildings 
The rise in greenhouse gas emission dates back into 
the beginning of the industrialization of the 19th centu
ry, but only in the years from 1971 to 2004, the carbo
n dioxide emissions (CO2) grew 1.7% per year in the 
residential sector. A research executed by the author
s shows, that despite widespread knowledge about e
nergy saving and retrofitting technologies in the buildi
ng sector, open accessible environmental data of buil
ding materials, well known sustainable building certifi
cation labels, an average housing building constructe
d in an developed country like Germany or Austria as 
well as average buildings in less developed countries 
like Russia or Egypt exceed several times recommen
ded levels of greenhouse emissions (CO2) and other 
harmful environmental emissions (CFC1, C2H4, SO2
, PO4).  
 
BIOCLIMATIC AND CLIMATE SAVING ARCHITECTURE 
Nowadays the number of studies on bioclimatic archi
tecture is steadily increasing. A case study, prepared 
by D. L Jones, investigating 44 architectural objects a
round the world, constructed in accordance with "gre
en building" principles, was used as references for th
e research. His monograph “Architecture and the Env
ironment: Bioclimatic Building Design” was complem
ented with diagrams for building energy characteristic
s and environmental hygiene [2]. Another very detaile
d and understandable research project, related to the 
end of the twentieth century, prepared by B. Givoni, “
Climatic Considerations in Building and Urban Desig
n” gives an up-to-date overview of construction and u
rban climatology [3]. Enhanced study activities of this 
issue began with the adoption of the UN Sustainable 
Development Program in 1992. The first comprehens
ive guide for architects and designers on principles of 
sustainable architecture was prepared by M. J. Crosb
ie, “Green Architecture. A Guide to Sustainable Desig
n” [4] with design strategies, including orientation opti
mization of buildings, maximization of daylight use in 
buildings, energy-saving lighting and heating, intellige
nt HVAC control systems, natural ventilation and ther
mal insulation of buildings. The work also presents a 
selection of examples of environmental sensitive buil
dings and structures. 
 
Biosphere balanced development 
Today, not only issues of protecting people with buildi
ngs from harsh weather conditions, environmental da
nger, pollution and extreme temperature, as it was th
e focus point till modern times, but also the protection 
of the biosphere from dangers, posed by buildings ar
e addressed within concepts of "eco-sustainable arch
itectural design", "bioclimatic architecture" or so calle
d "green architecture". Meanwhile, the negative impa
ct of buildings on the surrounding nature, the climatic 

regime of urban districts and the health of inhabitants 
is obvious and becomes one of the main problem of 
modern construction. Architecture is an integral part o
f the techno sphere, with objects created from concre
te, steel or other materials containing harmful chemic
al components. Buildings and structures affect the qu
ality of soil, the penetration of sunlight onto earth, he
at exchange of land and atmosphere and disrupt the 
natural balance. Architecture represents an aggressiv
e invasion of nature, which requires measures and m
ethods to minimize environmental impact nowadays. 
 
Solar architecture and natural integration 
According to Le Corbusier, one of the most influential 
architects of the 20s century, "…the most important e
lements for the architect are sun, concrete, steel, gla
ss, wood and earth. The order of their enumeration c
orresponds to their significance", putting emphasis o
n the importance to design buildings accordingly with 
renewable energy sources like the sun and materials 
provided by nature. He further stated, that "...it is nec
essary, to incorporate architecture carefully and witho
ut harm into the natural context through justifiably co
mposition" [5]. This means, for buildings in conditions 
of cold climate and low solar insolation, painting walls 
in light and pastel colors, which corresponds to the s
oft and low illumination of the whole northern natural 
environment increases the amount of reflected natura
l sunlight into spaces and reduces electricity use for li
ghting in buildings. The environmental Skin Home, a 
building design by Prof. M. Eichner, provides a transf
ormable skin, allowing adaption to harsh weather con
ditions in northern areas of Russia, reduce energy-lo
ss, protection from strong winds, reflect sunlight and i
mprove living quality for inhabitants.  
 

 
Fig.1. Environmental Skin Home, Prof. M. Eichner,2016 
 
With the compact and climate adaptive building desig
n, it can be counted as a contribution to climate-frien
dly architecture. 
"Low emission architecture" mostly involves the use o
f the sun as the main source of light and heat energy. 
For example, the architecture of southern Europe ha
s traditionally been based on the principles of reason
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with low environmental impact. 
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With the compact and climate adaptive building desig
n, it can be counted as a contribution to climate-frien
dly architecture. 
"Low emission architecture" mostly involves the use o
f the sun as the main source of light and heat energy. 
For example, the architecture of southern Europe ha
s traditionally been based on the principles of reason

able use of sunlight and heat like the "Atica" project o
f the company Velux., encompassing special electron
ic systems managing the inside climate by automatic
ally opening and closing windows, blinds, shutters an
d roller blinds, turning the cooling and heating system
s on and off according to the set parameters for temp
erature, humidity, daytime or season. 
 
Climate research and architectural formation 
The problem of climate saving and sustainable archit
ecture includes research and consideration of climati
c factors like use of natural light and solar radiation, h
umidity, precipitation, wind speed but not less importa
nt is the evaluation of environmental impacts of buildi
ngs on ground water, soil and local temperature and 
air quality. As environmental impacts of any built stru
ctures are mainly depending on materials and types o
f energy utilized in buildings (renewable, non-renewa
ble), only a live cycle assessment can provide enoug
h detailed information of the environmental friendline
ss of buildings and their level of climate saving qualit
y. The formation of architectural objects and building 
structures, their composition, constructive and materi
al solutions should be based on an environmental im
pact assessment (LCA-assessment), allowing the opt
imization buildings and cities during the planning- an
d construction process to determine amounts of harm
ful emissions caused during their entire live cycle. Ac
cording to the German sustainable housing certificati
on system (NAWOH), for low rise complexes in centr
al Europe a maximum of ≤ 12 kg CO2-Äqu. / (m2NR
F*a) is recommended as acceptable value of yearly g
reenhouse gas emissions per square meter gross flo
or area, an amount, that is usually several times exce
eded in buildings worldwide. 
 
Traditional architecture and climate design 
Our ancestors already took into account the peculiari
ties of the regional climate conditions while constructi
ng houses. Dwellings always served to protect again
st cold or heat, rain and wind, aiming for the satisfacti
on of the physiological needs of inhabitants and to pr
otect their lives. Settlements and buildings were desi
gned according to local climate conditions and region
al availability of building materials. They took into acc
ount "...the width of the streets, the height of the build
ings and the dimensions of the windows, which shoul
d be chosen according the orientation and depth of th
e spaces" (Alberti, Palladio) [5]. Analyzing Traditional 
architectural designs document, how extreme weathe
r and temperature conditions (cold, heat, mountainou
s terrain, strong winds, high humidity and others) wer
e taken into account, using resource efficient constru
ction methods without harming and exploiting the sur
rounding environment and gaining maximum living co
mfort with a minimum energy and material resources. 
A number of works are devoted to the analysis of the 
traditions of Arab architecture and their use in moder

n conditions [6,7,8]. 

RESEARCH ON BIOCLIMATIC BUILDING DESIGN  
Since nearly all sustainable principles are closely rela
ted to each other, they should be simultaneous evalu
ated and taken into account during the different plann
ing and implementation phases to balance the intera
ction between architecture, nature and environment. 
New research characterizes methods to analyze the i
nteraction of buildings and the biosphere, such as en
vironmental impact assessment and cost-benefit anal
ysis, developing topics related to the design of energ
y-saving facilities, energy regulation and conservatio
n of resources, and the problems of sustainable desi
gn for various types of buildings. [9,10]. Today, high a
ttention is paid to the problem of resource and energ
y saving through the use of intelligent ("smart") techn
ologies. Buildings and facilities in cities are the main 
energy consumers, accounting for 30 to 40 percent o
f consumption in general, and 70 percent of total elec
tricity consumption. It is the sphere of architecture an
d construction that provide enormous opportunities fo
r reducing energy consumption through the introducti
on of energy-efficient methods [11]. Studies related to 
the processes of global warming like in the article of  
Razin A.D., Alhalabi Z.Sh. provide an overview and c
omparison of possible architectural solutions using bi
oclimatic solutions, that can mitigate the negative sid
e effects of global warming [12]. In general, a wide ra
nge of works on the development of the bioclimatic, "
green" architecture and architecture of the biotech is 
presented today. 
 
BIOCLIMATIC BUILDING DESIGN PRINCIPLES 
Climate-protective, or in other words, bioclimatic ar-
chitecture is based on the minimization of peculiarities 
of the regional climate on the buildings and in return 
of the impact of buildings on the local environment 
and global climate. It follows in a holistic way a wide 
range of principles and can be defined as buildings 
and facilities, which provide comfortable and healthy 
conditions for the existence of a person within a build-
ing (natural microclimate), with minimal energy con-
sumption and minimizing harmful emissions, indus-
trial wastes and vital activity to the environment [13]. 
The German sustainable certification system DGNB 
sustainable building design requires consideration 
and balancing according benchmarks of following as-
pects, which can be considered directly relating to cli-
mate saving: 
Saving of energy 
This principle assumes design and construction with 
maximum use of natural light and minimization of the 
use of energy for heating or cooling of buildings throu
ghout the entire year. Today there are different levels 
of energy-efficient buildings, like the KFW 60 and KF
W 40 building standard, the Passive house standard, 
Zero Emission Standards or Active House Standard, 
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with buildings erected in German and Switzerland an
d many other countries. Wide application has only fo
und the KFW 60 and KFW 40 building standard, as th
ey are financially subsidized in Germany by the Germ
an state. Although KFW 60 and KFW 40 are only con
sidered as energy efficiency standards, they are direc
tly linked to climate friendliness, since reduced energ
y consumption also means reduced greenhouse gas 
emissions. 
 
Efficient material use 
Reduced material use for construction is improving th
e environmental impact of newly built or reconstructe
d buildings. The potential to reuse existing building st
ructures or material as well as designing buildings, w
hich can be easily disassembled and reused for the c
onstruction of new buildings is a fundamental part of 
every LCA evaluation, to reduce environmental impa
ct. A valuable example is the transformation of a che
mical plant into comfortable houses in the Austrian cit
y of Graz but also in former soviet cities, reuse of exi
sting buildings can be found more and more often. In 
Moscow, an existing industrial building was transform
ed to the cultural and business complex "ART-Strelka
", a place for cultural events and different social activi
ties; The Design Center ARTPLAY, which originated o
n the site of the Moscow factory "Red Rose", provide
s after major reconstruction on its territory galleries, r
estaurants, offices and retail space, with the NCCA (
National Center for Contemporary Art) located in one 
of the shops of the former electric lamp factory. 
 
Social orientated building typologies 
Social quality of buildings and reduction of environme
ntal harmful emissions stand in direct relationship to e
ach other. Considering needs of building tenants, the 
living habits of different social groups or requirements 
of future employees of office premises lead to a more 
stable and long term use phase with less fluctuation a
nd as a result to a higher satisfaction level with lower 
resource consumption. Architects and designers sho
uld put the buildings users and their space perception 
in consideration like the Russian architect Glazychev 
stated, building users should become easily familiar w
ith buildings and feel safer within building spaces, de
signed according to their social level. "…social archit
ecture is, first of all, the production of useful spatial st
ructures that have value, i.e. causing in different peo
ple a positive perception (admiration) "[14]. The mixe
d-use housing neighborhood, developed by the one o
f the authors for the New Luxor city development take
s in consideration a mix of buildings typologies and hi
erarchized outside areas, taking into account require
ments for safe neighborhood designs for different inc
ome groups. 

 
Fig.2. New Luxor Neighborhood, GUC Cairo, Prof. M
. Eichner, F. Gasser, 2017 
 
Location quality and urban integration 
Designing urban territories with a high living quality m
eans to consider the specific potentials and risks of it
s location and nearby context including respecting th
e Biosphere, surrounding nature, landscape and clim
ate. Respecting the biosphere implies that architects, 
developer and building owners do not exploit the bios
phere, but respect the humanitarian balance of the bi
otechnosphere. The humanitarian balance of the biot
echnosphere is a system of equations that establishe
s quantitative normative relationships between: a) the 
life potential of the biosphere, the population and the 
number of places to meet the needs of the population 
in the regions; b) the needs of people, the technosph
ere, the resources of the biosphere and the ability of t
he biosphere of the regions to meet these needs. Thi
s balance has a direct relationship to architectural obj
ects as part of the technosphere. Quantitative calcula
tions of these balances allow rational preservation an
d development of the biosphere [15]. 
 
SUSTAINABLE DESIGN IN PERMAFROST AREAS 
Implementation of principles of climate saving archite
cture can significantly increase the habitat quality of s
ettlements and cities in all climatic zones worldwide a
nd in particular in polar areas of the Northern territori
es of Russia. The architect A.I. Shipkov defined main 
climatic factors and architectural solutions for the Far 
North regions, shown in Table 1 [16], demonstrating 
the dependencies of climate conditions, resulting 
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problems and architectural solutions to reach comfort-
able living conditions and for buildings in the Far North 
(cities beyond the Arctic Circle).  
 

Climatic 
factor Problems 

Extreme co
nsequence

s 
Solution finding 

2 4 3 5 

Harsh clim
ate 

Necessity to i
solate the insi
de space of b
uildings from t
he surroundin
g environmen

t. 

Low inside 
air tempera

tures 

High building insula
tion requirements 

Cold 

It is necessar
y to create a f
avorable inter
nal microclim

ate 

Extreme ne
gative temp

eratures 

Buildings with a wi
de body 

Eternal Fr
ost 

Relaxation of 
load-carrying 
capacity of a 

building 

Thawing in 
case of soil 
layer distur

bance 

Pile foundations 

Snow Snow remova
l 

The proble
m of stickin
g on the str

ucture 

Glazing of balconie
s, insulation of the 
contour, application 
of facade structure
s, resistant to snow 

loads 

Insolation Lack of sunlig
ht Short day 

The design of the f
acade should provi
de maximum trans
mission of sunlight 
in winter and prote
ction from overheat

ing in summer 

Vegetation 
Lean vegetati
on of northern 

latitudes 
 

Landscaping inside 
the building throug
h atriums and cons

ervatories 

Long wint
er 

The prevailing 
negative temp

erature 

Shortage of 
sunlight 

Focusing on the int
ernal structure of th
e building, internal 
gardening and recr

eational areas 

Low popul
ation dens

ity 

Large undeve
loped spaces, 
the inability to 

use open 

The popula
tion density 
is 0.001 pe
ople / ha, 
- creeping 
building 

Construction of co
mpact buildings, co
mplexes with a hig
h density of 500 pe

ople / ha 

Table 1. The main climatic factors and their architec-
tural solutions for AI. Shipkov. 
 
SUSTAINABLE DESIGN IN POLAR CLIMATE AREAS 
The Far North areas of permafrost are characterized 
by long winters, polar nights, and oppressed plant 
world with very cold and dry climate all year. Engi-
neers and architects are working all over the world on 
sustainable designs for permafrost areas with harsh 
environmental condition. In these zones, mankind and 
the coexistence of nature depend in particular on 
comfortable habitat conditions, provided by buildings 
and cities for their inhabitants and the biosphere and 
how attentive they are to each other. According to the 

architect Yu.F. Usov, the following factors can be con-
sidered to be essential for the planning of dwellings in 
the northern and polar regions of the Russian Feder-
ation in a biosphere friendly architectural way: 
 
Building Compactness 
Reducing the surface of exterior facades and limiting 
footprints of buildings has both a positive effect on the 
economic efficiency of building investments and at the 
same time on the global climate. Climate harmful 
emissions can be reduced both by a reduced use of 
materials and an increase in energy efficiency, both of 
which are a consequence of a compact building de-
sign. In addition, maintenance costs are decreasing, 
since these depend on building compactness. Thus, 
a reduced building volume is more economical with 
regard to reduced operating costs for heating and 
cooling, costs for snow removal and drainage, regular 
cleaning of the building components and mainte-
nance, which improves the CO2 balance. 
 
Building Integrity 
If compactness is a special value for the building vol-
ume, defining the relationship of the volume with the 
context and their environment integrity describes the 
expression of the spatial form, the unity of the internal 
spatial organization and the building orientation, 
which includes factors like room orientation along the 
prevailing direction of winds and the solar radiation 
throughout the year. Both dimensions of building com-
pactness and building integrity can therefore be con-
sidered as extended indicators for climate saving 
quality of buildings and biosphere friendliness. 
 
URBAN DETERIATION IN NORTHERN RUSSIAN CITIES 
A negative example for severe environmental condi-
tions and low habitat quality is the city of Norilsk, the 
world's northernmost city with a permanent population 
of more than 150,000 inhabitants. The maximum tem-
perature in summer here can reach 32 ° C, and the 
minimum temperature falls usually till -50 ° C and 
lower. All this is aggravated by local winds, which of-
ten cause a "black blizzard", a stormy winter wind of 
30-40 meters per second. Norilsk is also one of the 
most polluted cities in the world due to the large num-
ber of mining and metal producing enterprises. The 
city was built in the 50s and 60s, and it has become 
apparent over the years that effectively the whole of 
the "Old Town" and all of the buildings of the "Stalinist 
Architecture Period", not only have a very low living 
quality but are also practically uninhabitable today. 
This led to a rethinking of construction methods, tak-
ing into account climatic and environmental condi-
tions, which were widely neglected during communist 
time. A good example in this region is the Norilsk City 
Hospital No.1, with its compact and energy-saving de-
sign. 
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Fig.3. Norilsk City Hospital No. 1. 
 
SUSTAINABLE DESIGN IN DESERT CLIMATE AREAS 
In connection with a worldwide rapid growth of cities, 
transport, industrial and domestic waste, harmful 
emissions into the atmosphere, we can observe seri-
ous urban crisis in many Egyptian cities. The danger 
of deep energy, environmental and demographic cri-
ses, is bringing these issues in the first place for future 
orientated planning strategies for buildings, urban ter-
ritories and living environment in general. Egypt is 
among those countries, which will be seriously af-
fected by the climate change within the next decades. 
The rising sea level of the Mediterranean Sea will lead 
to complex environmental and economic implications, 
increasing the Nile deltas soil's salinity and depriving 
local farmers of their income possibilities. Mediterra-
nean Sea Level increase by 1 mm per year, which 
leads to 30% of the fertile Nile delta, being submerged 
in the upcoming 15 years. Underground salinity will 
destroy significant amount of agriculture land with an 
estimated 1.5 Million people to evacuate and 200,000 
jobless. Despite the launch of the Sustainable Devel-
opment Strategy “Egypt 2030 VISION”, headed by the 
Government and focusing on Economic, Social and 
environmental dimensions, Egypt’s building codes 
and urban development regulations lack all necessary 
instruments to address environmental impact and en-
ergy consumption of buildings.  
 
NEW LUXOR SUSTAINABLE DESERT CITY 
Opinion polls state, that 40 percent of the Worlds adult 
population have never heard of climate change and 
its implications on their societies. In some developing 
countries, like Egypt, Bangladesh and India, this num-
ber rises to 65 percent, which stands in sharp contrast 
to many developed countries like Japan, North Amer-
ica and Europe, where more than 90 percent of the 
public are aware of climate change. In particular in 
Egypt, a country with a rapid population growth, vast 
migration to capital cities, significant change of house-
hold sizes and increase of wealth and life style 
changes, which all contributes to an increased con-
struction sector and energy use, consideration of en-
vironmental impact minimization of the construction 

sector is of high importance. The ministry of environ-
ment initiates training courses for teachers, educators 
and government employees on how to address the 
climate change, weekly environmental pages in sev-
eral national daily newspapers are available in Egypt, 
to increase individual awareness of the danger of cli-
mate change and global warming but on the level of 
building regulations, construction regulations and ur-
ban development strategies are so far only a few pro-
jects planned and realized in accordance to interna-
tional climate saving standards. The master plan for 
the new urban area of “New Luxor”, developed by re-
searchers from the German University in Cairo under 
the supervision of Prof. Michael Eichner, represents 
an exception for environmentally friendly urban plan-
ning. The center of the comprehensive new urban 
area for 200,000 inhabitants is formed by a linear de-
sert park area, adapted to the regional desert climate, 
low water availability and landscape morphology, and 
represents a recreation and green space, which con-
tributes significantly to a reduction of CO2 emissions 
by connecting the entire new urban area in a pedes-
trian-friendly and car reduced way as shown in figure 
4. 

 
Fig.4. New Luxor Master plan, Prof. M. Eichner, R. 
Salaheldeen, R. El-Ashkar, 2017 
AUTHORS CONCLUSION 
Currently, newly realized buildings and urban districts 
in developed as well in the developing countries, that 
have not addressed the importance of providing ap-
propriate and sustainable commercial and social 
housing for the population and the economic growth 
of national economies, represent considerable risks 
for the global climate, the local environments and the 
health of people. Limiting harmful effects of construc-
tion activities for the population and the environment, 
global climate and natural resources would require a 
significant change in construction methods, building 
technologies, material and energy use. Sustainable 
building evaluation as design approach for small as 
well as for large scale projects represents a realign-
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AUTHORS CONCLUSION 
Currently, newly realized buildings and urban districts 
in developed as well in the developing countries, that 
have not addressed the importance of providing ap-
propriate and sustainable commercial and social 
housing for the population and the economic growth 
of national economies, represent considerable risks 
for the global climate, the local environments and the 
health of people. Limiting harmful effects of construc-
tion activities for the population and the environment, 
global climate and natural resources would require a 
significant change in construction methods, building 
technologies, material and energy use. Sustainable 
building evaluation as design approach for small as 
well as for large scale projects represents a realign-

ment for the construction sector, similar to fundamen-
tal reforms currently perceived in the car industry 
worldwide, towards low emission and electric motor-
ized models. The author’s research project, compar-
ing harmful emission (CO2, CFC1, C2H4, SO2, PO4) 
of commonly constructed housing typologies in differ-
ent climatic zones and economic societies document, 
that without regard to the significant differences of 
available technology and educational level in different 
countries, commonly constructed buildings do not 
match climate saving requirements and are not well 
integrated into the biosphere. More detailed future re-
search is necessary to specify obstacles and poten-
tials for a climate saving transformation of the built 
sector in different cultural and climatic areas. The aut
hors conclude that far more effort has to be taken to 
meet minimum requirements for climate saving buildi
ngs. 
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