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CIBW119CIC 2016 preface

Preface

CIB Working Commission, W119 on ”Customized Industrial Construction” has been established
as the successor of former TG57 on Industrialization in Construction and as a joint CIB-IAARC
Commission. Prof Dr Ing Gerhard Girmscheid, ETH Zurich, Switzerland (Coordinator of the
former TG57) and Prof Dr Ing Thomas Bock, Technische Universitat Munchen, Germany are
the appointed Coordinators of this Working Commission. The workshop is hosted by the Chair
for Building Realization and Robotics located at TUM within the Bavarian high tech clus-
ter, the Master of Science Course ”Advanced Construction and Building Technology” and by
IAARC-Academy representing the research training program of the International Association
for Automation and Robotics in Construction (IAARC). The workshop will concentrates inter-
national researchers, practitioners and selected top-students coming from 8 different professional
backgrounds (Architecture, Industrial Engineering, Electrical Engineering, Civil Engineering,
Business Science, Interior Design, Informatics, Mechanical Engineering)

Industrialization in Construction will become more customer oriented. Systems for adapt-
able manufacturing and robot technologies will merge the best aspects of industrialization and
automation with aspects of traditional manufacturing. Concepts of mass customization can be
implemented via the application of robots in construction and building project/product life cy-
cle as prefabrication processes, on site and in service as socio technical systems. Topics include,
but are not limited to the following aspects of Automation and Robotics in Construction:

• Industrialized Customization in Architecture: Mass Customization onsite, Factory Pro-
duction,Logistics and Factory Networks, Production

• Logistics/Site Automation and Robotics: Mass Customization on site, Site Automa-
tion,Site Robotics, Site Logistics for Automation, Systems and Technologies, Automation
and Robot oriented Site Management

• Service Science through Automation and Robotics: Mass Customization of performance
oriented environments, Automation and Robotic Assisted Living, Service Robotics, Per-
sonal Assistance, Demographic change design and management of socio technical systems
by human ambient technologies in daily life especially for aging society.

• Automation and Robot Oriented Design: Design and Buildings Structures Enabling ef-
ficient use of Automation and Robotics, Modularization, Product Structure, Building
Information Modeling

• Automation and Robotics Deployment Strategies: Innovative business processes, automa-
tion and robot oriented management, human-machine communication, socio technical
aspects, socioeconomic aspects, history of automation and robotics

October 24, 2016
Munich

Thomas Bock
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SMARTBEE: A Framework of Single/Multi-task On-site 
Adaptable Renovation Robot Technology for Building 

Engineering Enhancement 

Rongbo Hu
1
*, Thomas Linner

1
, and Thomas Bock

1

1Chair for Building Realization and Robotics, Technical University Munich, Germany 

* Corresponding author (rongbo.hu@br2.ar.tum.de)

In recent years, due to the challenge of population ageing, labor shortage and globalization, robots and automation have 
been playing an increasingly important role in the construction industry. Yet in German construction industry, of which 
80% are renovations, most application examples are single-task approaches such as component production and prefab-
rication, few can be seen as versatile, flexible, and multifunctional solutions which adapt the increasing need of on-site 
robots. On the basis of comprehensively categorizing and analyzing the current application examples of state-of-the-art 
single-task construction robots (STCRs), this paper aims to propose a framework of flexible and universal platform com-
bining single-task robots as a robot swarm focusing on renovation (Single/Multi-task On-site Adaptable Renovation Ro-
bot Technology for Building Engineering Enhancement, or simply SMARTBEE). The interaction between the robots and 
humans will also play a major role. Research focus will be on the development of anticipatory assistive controllers to 
support human labor, on shared control architectures, and the integration of wearable haptics as human-robot interface. 
Furthermore, the research will concentrate on developing controllers for the safe operation of modular robotic solutions. 
This will also incorporate considering the predicted movements of surrounding workers to ensure safe operation of con-
struction robots. For the control of modular robots, a plug-and-play functionality will be envisioned which allows one to 
change the configuration of construction robots while the new kinematics and control is adapted on the fly. The objective 
of this proposed framework is to establish a consortium to rigorously develop the concept of flexible modular robots in-
corporating human assistive functions to fill the vacancy in the construction robot industry. The research priority will be 
given to STCRs, On-site Logistic/Distribution, Renovation Technology, and control engineering. 

Keywords: Single-task Construction Robots (STCRs), Renovation, Robot swarm, Plug-and-play, Modularity 

INTRODUCTION 
In recent years, Germany’s birth rate has collapsed 

to the lowest level in the world, and thus its shrinking 

workforce will seriously start threatening the long-

term sustainability of Europe’s leading economy. 

Meanwhile, robots and automation will play an in-

creasingly important role in the construction industry 

in the near future. Yet in German construction indus-

try, of which 80% are renovations, most application 

examples are single-task approaches such as com-

ponent production and prefabrication, but few can be 

seen as versatile, flexible, and multifunctional solu-

tions which adapt the increasing need of on-site 

robots. 

With the economic boom in Japan in late 1970s, the 

big Japanese construction companies, known as the 

“Big Five” (i.e. Shimizu, Taisei, Kajima, Obayashi, 

and Takenaka), perceived a huge potential in con-

struction robotics and automation. Each of them 

used approximately 1% of its annual gross revenue 

of over $15 billion for research and development 

including establishing campus-like research and 

development facilities where advanced technologies 

were developed and tested. This gives Japan a 

boost in the development of construction robot tech-

nology
1
. Single-task construction robots (STCRs) 

were developed primarily for the use on construction 

site to imitate skilled labor. Until today there are more 

than one hundred STCRs developed, most ap-

proaches are designed to substitute human con-

struction activities which are considered difficult, dirty, 

and dangerous. To be specific, these robots can help 

to do a variety of repetitive, dangerous or sophisti-

cated works, easing pressures on labor shortage and 

skill mismatch. Gradually, more emphasis has been 

placed on integrated construction automation rather 

than single-task approaches due to various admitted 

limitations of STCRs such as high R&D costs, long 

development time, high maintenance costs, highly 

specific functions, a lack of collaboration with human 

beings, and low level of integration (see Fig. 1). 

However, recent trend shows that major Japanese 

construction companies are gradually returning to 

single-task-like approaches. For instance, although 

suspending the integrated and automated construc-

tion site (i.e. ABCS) as a total system, Obayashi 

applies some of its subsystems as STCRs (e.g. 

welding systems, automated logistics systems, etc.). 

Rather than directly combining those subsystems, 

Obayashi obtains workshop-like flexibility in order to 

better adapt to more complex construction situation 

such as Tokyo Skytree, of which the shape changes 

several times from bottom to top. Today, the applica-

tion of innovative management approaches, the 

optimization of work process, the performance im-
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provements of hardware and software, and the rigor-

ous challenges of population ageing allow the revital-

ization and rejuvenation of STCRs. The development 

and deployment of STCRs thus become more rele-

vant and important than ever before.   

Fig.1. Brief timeline showing various institutions’ partici-

pation in developing STCR systems since the 1970s 

(refined and complemented figure on the basis of 

Cousineau & Miura, 1998
1
 and Hasegawa, 1999

2
)

STATE OF THE ART 

Automation/robotics in the construc-

tion/renovation fields 

The application of automation and robotic systems in 

the construction industry is lagging greatly behind 

compared to that in other industries and is mainly 

seen in the fields of component production and pre-

fabrication. In Japan, Korea and Scandinavian coun-

tries, there are approaches using single-task con-

struction robot systems such as facade installation or 

construction of the structure of high-rise buildings. In 

Europe, robotic systems are not usually used on site 

or in the interior construction or renovation beyond 

the research status. Newer approaches in research 

at the international level aimed at the use of human-

oid robots for interior design and the use of automat-

ed systems for demolition.  

On the basis of categorizing and analyzing the cur-

rent application examples of state-of-the-art (STCRs 

for renovation, this paper aims to propose a frame-

work of a multifunctional and universal platform 

combining single-task robots as a robot swarm fo-

cusing on renovation (Single/Multi-task On-site 

Adaptable Renovation Robot Technology for Building 

Engineering Enhancement, or simply SMARTBEE). 

The interaction between the robots and humans will 

also play a major role. Research focus will be on the 

development of anticipatory assistive controllers to 

support human labor, on shared control architectures, 

and the integration of wearable haptics as human-

robot interface. Furthermore, the research will con-

centrate on developing controllers for the safe opera-

tion of modular robotic solutions. This will also incor-

porate considering the predicted movements of sur-

rounding workers to ensure safe operation of con-

struction robots. For the control of modular robots, a 

plug-and-play functionality will be envisioned which 

allows one to change the configuration of construc-

tion robots while the new kinematics and control is 

adapted on the fly. The objective of this proposed 

framework is to establish a consortium to rigorously 

develop the concept of flexible modular robots incor-

porating human assistive functions to fill the vacancy 

in the construction robot industry. The research prior-

ity will be given to STCRs, On-site Lo-

gistic/Distribution, Renovation Technology, and con-

trol engineering. 
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How this SMARTBEE addresses the shortcom-

ings of previous approaches 

Shortcoming 1: Despite the evident improvement of 

productivity and working conditions, the categories of 

single-task construction robots (STCRs) are highly 

specific, not only to a profession, but even to a task 

within a specific profession, which results in cost-

ineffective, time-consuming and overlapping re-

search and developing processes. Therefore, there 

has been an urgent demand that the design of 

STCRs should embrace modularity and adaptability 

that promote efficiency and usability. Thus, the de-

sign of SMARTBEE will particularly focus on promot-

ing modularity and adaptability within the system. For 

the control of modular robots, a plug-and-play func-

tionality will be envisioned which allows one to 

change the configuration of construction robots while 

the new kinematics and control are adapted on the 

fly. 

Shortcoming 2: The process of construction auto-

mation is difficult due to its high complexity. Yet vari-

ous functionalities have been realized in STCRs, few 

research has addressed the optimization of how 

those STCRs can coordinate seamlessly and how 

the efficiency of the collaboration of STCRs would be 

maximized. Thus, the research will concentrate on 

developing controllers for the safe operation of mod-

ular robotic solutions. This will also incorporate con-

sidering the predicted movements of surrounding 

workers to ensure safe operation of construction 

robots. Meanwhile, researchers have proposed a 

number of innovative state-of-the-art schemes in the 

academic field, such as Complex Control
3
, Automatic 

Modular Assembly System (AMAS)
4
, Collective Con-

struction with Robot Swarms
5
, yet few have been 

applied in the construction industry. Eventually, this 

framework intends to bridge the gap between aca-

demia and industry by integrate state-of-the-art re-

search into a compact, flexible, and versatile plat-

form. 

Shortcoming 3: The use of automation and robots 

on the site has been mainly held back by the lack of 

flexibility of the system and incompatibility with hu-

man labor and other parallel processes on the con-

struction site (the use of robots has required greater 

security areas, affecting other work nearby, etc.). It 

has also been criticized that existing approaches to 

robotization usually aim at the complete substitution 

of human labor. However, the demographic change 

in the construction industry shows a clear need for 

an innovative, highly flexible and self-adjusting assis-

tive system to promote human craftsmanship. There-

fore, it is necessary to assist and promote human 

labor in the platform by appropriate assistive haptic 

control functionalities that support exhaustive tasks. 

Also, the fully autonomous operation of robots in 

uncertain environments is still in far reach, in many 

aspects the decision support by the human is indis-

pensable. Different modes of control sharing be-

tween the human and the robot that synergistically 

combine human intelligence with the robot force 

capacity and precision will be investigated. To this 

end, wearable haptics promises great and intuitive 

interaction as it provides appropriate feedback to the 

human about robot swarm internal states
5
. The inte-

gration of wearable haptics will be part of the re-

search agenda. 

 

OBJECTIVES 

The paper aims to explore the potentials and to en-

hance the usability of STCRs in the building renova-

tion industry. The main goal is to propose a universal 

platform of various STCRs in which the modularized 

end-effectors, joints and/or mobile bases can be 

replaced to adapt various functions. Daily work, in 

terms of on-site construction rather than administra-

tive activities, will be supported. Through innovative 

solutions, obstacles can be overcome and great 

potentials will be achieved in labor productivity. Fur-

thermore, developed from the research project, ap-

proaches to robotic-assisted design will revolutionize 

the traditional craftsmanship. In addition, cutting 

edge technologies such as exoskeleton will be inte-

grated into the platform to further supplement the 

flexibility of the system. Thus the assemblers will be 

able to work longer hours more efficiently and 

meanwhile stay fit. Information technology and con-

trol engineering will provide valuable support to this 

platform. The results of SMARTBEE will have long-

term positive effects on safety, efficiency, and econ-

omy of existing and future construction and related 

industries, as well as on the development of modu-

larized and adaptable construction robot system. 

 

METHODS 

According to Bock and Linner (2016), existing 

STCRs can be defined into 24 categories according 

to their background behind development, operational 

capacity, control strategy and informational aspects, 

dimensions and workspace, relevant construction 

work process, and analysis of the composition and 

kinematic structures. They include: (1) automated 

site measuring and construction progress monitoring 

robots including mobile robots and aerial robots, (2) 

earth and foundation work robots, (3) robotized con-

ventional construction machines, (4) reinforcement 

production/positioning, (5) automated 3D concrete 

structure on-site production, (6) automated 3D truss / 

steel structure on-site assembly, (7) bricklaying ro-

bots, (8) concrete distribution 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 posi-

tioning of components, (15) steel welding robots, 
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(16) façade installation robots, (17) tile setting and 

floor finishing robots, (18) façade coating / painting 

robots, (19) humanoid construction robots, (20) exo-

skeletons / wearable assistive robots, (21) interior 

finishing robots, (22) fireproof coating robots, (23) 

service, maintenance, and inspection robots, (24) 

and renovation and recycling robots
6
. On the basis of 

previous categorization, STCRs focusing on renova-

tion can be further categorized as (1) site measuring 

robots, (2) tile setting and floor finishing robots, (3) 

façade coating / painting robots, (4) interior finishing 

robots, (5) fireproof coating robots, (6) logistic robots, 

and (7) renovation / recycling robots. Combining 

various renovation STCRs, a universal platform can 

be developed in which the modularized end-effectors, 

joints and / or mobile bases can be replaced to adapt 

various functions (See Fig. 2 & 3).  

 
Fig.2. Integration of SMARTBEE platform 

 
Fig.3. Modularized SMARTBEE robot system with vari-

ous end-effectors 

There are three primary research highlights in 

SMARTBEE platform: (1) designing feasible modu-

larized and adaptive prototypes of STCRs; (2) de-

veloping controllers for the safe operation of modular 

robotic solutions; and (3) developing assistive haptic 

control, shared control architectures to support dif-

ferent levels of autonomy, and the integration of 

wearable haptics as human-machine-interface
7
.  

STCRs can be seen as a kinematic structure which 

consists of the following components: a mobile base 

which enables the system to move (in some case a 

fixed base); an end-effector which enables various 

functions of the system; a rotary joint which allows 

the end-effector to rotate; a translational joint which 

allows the system to slide in a particular direction. 

SMARTBEE’s target is to develop a modularized 

STCRs system in which the major components such 

as mobile bases, translational & rotary joints, and 

end-effectors can easily be removed and replaced in 

accordance with various functions. Hardware plat-

form interface (HPI) and application programming 

interface (API) of SMARTBEE must be accessible 

and standardized in order that the academia and 

industry will be able to further develop end-effectors 

with various functions, as well as in some cases 

mobile bases and translational / rotary joints. In addi-

tion, exoskeleton technology, in which reinforced 

human body can be seen as a very flexible mobile 

base as well as translational / rotary joints, will be 

integrated to the system in order to assist and en-

hance the efficiency of human labor (e.g. FORTIS 

exoskeleton
8
, see Fig. 4.). Last but not least, a ro-

bust and feasible information and communications 

technology (ICT) platform which will improve the 

usability of the modular STCRs will be an essential 

feature to SMARTBEE system. 

 
Fig.4. FORTIS exoskeleton, created by Lockheed Mar-

tin, can boost worker productivity up to 27 times. (Im-

age: Photo Courtesy of Lockheed Martin. Copyright 

2015) 
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By realizing the versatile universal platform combin-

ing modularized single-task robots for renovation, 

SMARTBEE will be applied especially to these sce-

narios: (1) Building surveying/inspection, (2) building 

façade coating / painting, (3) interior floor set-

ting/replacing, (4) interior wall/ceiling painting, (5) 

façade fireproof coating, (6) wearable assistive de-

vices, (7) site logistics (8) and recycling, etc. The 

research and development of SMARTBEE will par-

ticularly focus on promoting modularity, adaptability, 

and collaboration within the system (See Fig. 5) 

Fig.5. In a typical renovation job site, various STCRs of 

SMARTBEE will coordinate with each other to work 

properly and simultaneously 

 

IMPLEMENTATION 

A principal goal of the proposed system is to launch 

technology transfer process within the project dura-

tion and to foster dissemination into a variety of ap-

plication fields. In order to achieve that goal, the 

willingness of companies and industries to enter into 

a cooperation and the success of individual applica-

tions will furthermore give the researchers important 

feedback on how to adjust the technical detail of 

SMARTBEE. In accordance with this activity, the 

potential for transferring the project results into a 

variety of industries and application fields will be 

enhanced.  

On one hand, to maximize expertise and to success-

fully cooperate within Technical University of Munich 

(TUM), the core research team will consist of re-

searchers from Chair of Building Realization and 

Robotics (BR2)
 9

, Chair of Robotics and Embedded 

Systems (I6)
 10

, and Chair of Information-oriented 

Control (ITR)
 11

 according to a signed agreement. In 

particular, firstly, the Chair of Building Realization 

and Robotics researches and consults in the field of 

advanced construction and building technologies. 

The mission of the Chair for Building Realization and 

Robotics is to extend the traditional core compe-

tences of design and build, broadening the activity 

area of future graduates, professionals and creating 

new employment opportunities. Located at TUM 

within the Bavarian high tech cluster, in which the 

chair is well connected, the chair functions as an 

incubator for the development and socio-technically 

integrated and building related technologies. Fur-

thermore, chair members consistently contribute with 

high level publications to advancements in construc-

tion automation, Mass Customization, and Building 

Information Modelling. Therefore, the Chair of Build-

ing Realization and Robotics will mainly focus on 

designing feasible modularized and adaptive STCRs. 

Also, supporters of the technology diffusion process 

will be the consortia of the TUM-participated re-

search projects such as BERTIM
12

 and ZERO-

PLUS
13

, and these consortia will closely collaborate 

with the research team to develop promising perfor-

mance-enhancing features. 

Secondly, the Chair of Robotics and Embedded 

Systems will mainly concentrate on developing con-

trollers for the safe operation of modular robotic 

solutions. The Chair of Robotics and Embedded 

systems covers a broad range of research problems 

in robotics from perception to control and construc-

tion of robotic solutions. Specifically, the professor-

ship “Cyber-Physical Systems” of Prof. Matthias 

Althoff focuses on guaranteeing safety of robotic 

systems and on realizing modular robotic systems, 

which both are key aspects of SMARTBEE system, 

to ensure the flexibility of robotic systems and 

meanwhile to guarantee safe operation in the pres-

ence of humans. Especially since all construction 
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projects involve human workers, safety is seen as an 

indispensable property. The safety aspect is re-

searched in the EU project “UnCoverCPS”
 14

 of 

which Prof. Matthias Althoff is the coordinator. Modu-

lar robots are researched in the Marie-Curie project 

“SMART-E”
 15

.  

Thirdly, the Chair of Information-oriented Control will 

mainly concentrate on the development of assistive 

haptic control, shared control architectures to sup-

port different levels of autonomy, and the integration 

of wearable haptics as human-machine-interface. 

The Chair of Information-oriented Control focuses on 

the control and optimization in cooperative, net-

worked, and distributed dynamical systems with 

application to robotics and human-machine interac-

tion. The chair develops novel methods and tools for 

the analysis and control of such systems, which in 

particular consider model uncertainties as well as 

uncertainties and limitations in the data acquisition, 

communication, and computation. For this project 

particularly relevant is the research on human robot 

interaction, shared control, human-in-the-loop control 

and wearable haptics. Related research questions, 

however with different focus than in this proposed 

research, are addressed in the projects. 

On the other hand, TUM’s close contact to technolo-

gy oriented companies such as Deutsches Institut für 

Normung e.V. (DIN)
 16

, Hans Schramm GmbH 

(Schramm)
 17

, Zentralverband Sanitär Heizung Klima 

(ZVSHK)
 18

, and YASKAWA Europe GmbH 
19

, which 

can be considered as potential developers and / or 

operators of SMARTBEE, will allow for the efficient 

formation of research consortia that build upon the 

outcomes of this project. In general, the research 

and development of proposed framework will deliver 

profound technical, economic, and social impacts on 

the status quo of related fields. Furthermore, feasible 

business model will be discussed and proposed 

within the consortium. Due to the high cost of pur-

chasing, leasing and service subscription modes can 

be the primary business model of SMARTBEE tech-

nology.
 

 

IMPACT 

The outcomes of SMARTBEE system will generate 

manifold impacts on the status quo of the STCR 

research and development in terms of technical, 

economic, and social benefits. (1) Technical impacts: 

by establishing a replaceable and multifunctional 

modular swarm system, STCRs technology will be 

rejuvenated due to substantial reduction of R&D 

costs. Based on open HPI and API of SMARTBEE 

system, the academia and industry will be able to 

develop end-effectors with various needed functions 

to catalyze the application of STCRs. (2) Economic 

impacts: through establishing a universal ICT plat-

form, the repetitive R&D process of designing each 

STCR will be significantly reduced. The long-term 

benefits to post-industrial societies of adopting of the 

SMARTBEE system will substantially outweigh the 

costs of implementing and operating the platform. (3) 

Social impacts: by implementing SMARTBEE system, 

labor shortage pressure caused by low birth rate in 

post-industrial societies will be soothed. Furthermore, 

human construction activities considered as difficult, 

dirty, and dangerous will be further substituted, thus 

reducing the potential healthcare expenditure 

caused by accidents in renovation industry. 

 

CONCLUSION & FURTHER RESEARCH 

This paper has given an overview of the framework 

of SMARTBEE system (Single/Multi-task On-site 

Adaptable Renovation Robot Technology for Building 

Engineering Enhancement), and how the proposed 

system would overcome the challenges imposed on 

the renovation industry in the context of ageing soci-

ety. The outcomes of SMARTBEE system will chal-

lenge the status quo of the STCRs application and 

thus will generate profound technical, economic, and 

social impacts. Admittedly, SMARTBEE is still at its 

conceptual stage, and it still requires further research, 

implementation and pilot project in the future to verify 

the effectiveness and practicality of the system. 

Specifically, in the future research, special attention 

needs to be paid on these following aspects. (1) 

Based on the proposed standardized modular con-

nector, more modularized end-effectors with different 

functions, as well as more variety of modularized 

mobile bases and translational / rotary joints need to 

be developed and integrated into SMARTBEE sys-

tem in the later research activities to enrich the li-

brary of the system. (2) A feasible collaboration be-

tween various STCRs within SMARTBEE system will 

be the key to the successful application of the pro-

posed system. Therefore, developing controllers for 

the safe operation of modular robotic solutions as 

well as developing assistive haptic control and 

shared control architectures to support different lev-

els of autonomy, and also realizing the integration of 

wearable haptics as human-machine-interface will 

be of primary importance to the system. (3) In order 

to promote user acceptance, the user interface must 

be user-friendly, and the process of the installation 

and the reconfiguration of the system must be un-

complicated and plug-and-play. (4) Safety issue must 

be thoroughly and rigorously considered, especially 

when human-robot interaction is involved. The ethics 

and privacy issue involving human-robot interaction 

must be rigorously discussed under the related laws 

and regulations in Germany and later in EU. 
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This paper describes mechatronic complex handling construction of monolithic towers. Sliding deck method expedites 
the construction of monolithic tower structures. Effective autonomous control of sliding shuttering can be achieved by 
developing adequate mathematical model of the controlled system taking into consideration external and internal influ-
ences on performing mechanisms. In light of the above, the context of this paper covers functional analysis of the tech-
nological operations of erection of monolithic structures, the development of the mathematical model, the structural or-
ganization of the mechatronic complex taking into consideration the variation of the diameter structure.    
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INTRODUCTION 
One of the advantages of the sliding shuttering 
method is the possibility of implementing a continu-
ous construction process. Unlike other types of 
formworks, construction approach on the basis of 
sliding method allows to automate the main stages of 
the process of erection of monolithic building. The 
technology of this method comprises continuously 
feeding and stacking concrete, installing reinforce-
ment lifting formworks and regulating the control 
parameters [1-7]. Moreover, most of the described 
technological operations are carried out simultane-
ously. 
During the construction of structures with variable 
cross-sections, and while the shuttering is lifted, the 
position of the indoor and outdoor shields overlaps. 
The automation process of the construction work of 
variable cross-section structures necessitate in 
providing synchronous repositioning of shields in 
accordance with special arrangements while lifting 
the formwork. For instance, adjusting the position 
error of the shuttering panels must not exceed 5 mm.  
In case of structures with variable wall thickness, the 
technology allows for independent variation in the 
position of internal and external formwork panels and 
a separate control for panels position. In this case, 
the deviation from the control tolerances should not 
exceed 2-3 mm. 
In the following section, we outline the technological 
features of the construction of monolithic structures 
using sliding mechatronic complex automating sev-
eral technological operations. 

STRUCTURAL ORGANIZATION OF THE SLIDING MECHA-

TRONIC COMPLEX 

Firstly, the analysis of the erecting technology of 
monolithic structures shows that the integration of 
mechatronic system for concrete work should be 

carried out using sliding formwork method, which 
allows for continuous-cyclic process of concreting 
[8]. While designing the mechatronic system, it 
should be taken into account the varying radius, as 
this is the most common and complex version of 
structures, construction of which is associated with 
lots of operational adjustments, thus significant loss 
of time. Examples of structures with variable cross-
sections can serve chimneys, television and obser-
vation towers with conical or hyperbolic cross-
section. 
Secondly, the erection of monolithic structures re-
quires that the mechatronic system should perform 
concrete molding and sealing tasks.  Therefore, the 
mechatronic complex should be equipped with of 
robotic manipulators, executing simultaneously 
stacking of concrete, setting up and mounting the 
necessary reinforcements [9]. The block diagram of 
the construction robotic complex is shown in Fig. 1. 
The most difficult task is to automate shielding oper-
ation, which is divided into separate tasks. The sug-
gested solution is to have two robots: the first is used 
to ensure the installation and fastening of the vertical 
reinforcement coming from the transport and storage 
device, while the latte executes tasks related to hori-
zontal fittings supplied by a special wire-feeder. Each 
robot has its own control system.  
The construction complex includes an informative-
measuring system, which controls the position of the 
platform and formwork, processes of laying concrete 
and reinforcements. Planning process sequence and 
synchronization of different robotic systems is super-
vised by a higher-level control system. The sliding 
mechatronic complex should provide automatic lifting 
of the formwork during the concreting of the walls, 
automatic change of the radius of the formwork dur-
ing the lifting, shuttering position adjustment in the 
event of displacement and torsion of the platforms.  
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Fig. 1. Structure of robotic technological complex for the construction of monolithic towers with variable cross-
section 

MATHEMATICAL MODEL OF THE SLIDING MECHATRON-

IC CONSTRUCTION SYSTEM WITH VARIABLE OPERAT-

ING RADIUS 
During operational process, significant static and 
dynamic loads are applied on the lifting jacks of the 
formwork, which are characterized by uneven redis-
tribution over time When the platform is lifted, load 
change occurs due to the staking of concrete within 
the formwork shields at the start of movement, 
which, in its turn, breaches the synchronization of 
different mechanisms. This occurs as well during 
redistribution or changes in static loads applied to 
the formwork.  
The mechatronic construction complex (MC) consists 
of a platform, which is mounted on an n- numbers of 
electric lifting jacks (LJ), located on a circle of radius 
Rd. Under the platform, the mechanisms of radial 
displacement are mounted with corresponding steps 
equal to radius RM. In addition, there are two refer-

ence systems: the tower body axis  and the 

MC body axis . We assume that at the start 

of the process, both of the axis systems coincide. 
The relation between the two reference systems is 

represented using the displacement vector  and 

the rotation matrix . The displacement vector is 

related to the lifting jacks positions and it is calculat-
ed using the following equation: 

  (1) 

Where and 

Regarding the rotational matrix, it is convenient to 
express its elements in terms of rotational angles: 

the angle of inclination , direction of inclination 

and torsion of the platform , which in their turn are 

correlated with the coordinates of lifting mechanisms 
and platform center coordinates: 

(2)
) 

To obtain , we have to rotate the reference system 

by  around the . Then, we have to 

rotate the  by  around . The last step is 

the rotate by ( ) until the axis 

and  coincide. The result is shown in equation (3): 
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.

(3)
) 

In addition, we must include the kinematic relations, 
allowing determining the angles of rotation of MC. 
Resolving the inverse kinematic problem leads to the 
following equalities: 

(4) 

During the operation, shields can be moved relative-
ly from the platform center. Therefore, there is a 
need for determining the position of the center of the 
formwork, and estimating the deviation. The center 
position of the formwork in the coordinate system 

 is calculated using the following equation: 

(5) 

Where  is the suspension radius of j-formwork.  

Based on possible locations of the shields, we can 
determine the arithmetic mean of the formwork radi-
us, which allows evaluating the deviation of the 
shields from the setup position. It is calculated as: 

(6) 

An important task to perform in order to develop the 
mathematical model of the complex is to determine 
the corrective parameters and calculation of estimat-
ed positions of the jacks. Therefore, the solution of 
the inverse problem is carried out based on the initial 

displacement center and formwork radius 

. In accordance with fig. 2, we can correlate the 

angular coordinates with the lifting jacks’ locations 
and the shifted center of the formwork: 

(7) 

Fig 2. Determination of the corrective parameters 

As a result of the equation (7), we obtain the expres-
sion for the formwork radius taking into account the 
coordinates of the shifted center from the center of 
the platform. Hence we can write: 

(8)
) 

The current value of the radius  can be comput-

ed using the following equation: 
(9) 

Where  is the estimated change in the radius 

when climbing to a height h. 
Due to the fact that in the construction process, the 
formwork can moved with reference to the platform, 
it becomes necessary to describe the position of the 
formwork center with reference to the tower body-

axis . If the position of the platform in the 

coordinate system is characterized by the 

coordinates ,  and and the position of the 

formwork is described using ,  and , then 

the coordinates describing the position of the form-
work in its own body-axis system can be found as 
follows: 

(10) 

Where,  and  are the current coordinates 

describing the position of the lifting jacks. 
While developing the model, it is necessary to in-
clude the equations that allow determining the angle 

 and the direction of tilting platform  with refer-

ence to the controlled parameters , , , , 

 and . 

(11) 

Where,  is the difference between  and 
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The equation describing the deformation of the 
formwork is presented in equation (12): 

(12) 

When tilting the platform at an angle , during its 

lifting with a critical speed equals to , increases 

the tilting of the center coordinates with reference to 

the axis . The projection of this increment with 

reference to the axis  and  is described using 

the following equations: 

(13) 

Where,  is underestimated as arithmetic mean 

of the velocity of the lifting jacks 

Taking into consideration the tilting angle of platform, 
its center deviates from the original axis. This devia-
tion is expressed using the equation:  

(14)

) 

This abovementioned equation (14) allows us to 
describe the process of displacement of the platform 
when rising. This can be computed using the follow-
ing equation: 

(15) 

The above ratio must be supplemented by the equa-
tions, synchronizing the work of lifting and controlling 
mechanisms of MC. To do this, we have to establish 
the dependence of the radius with reference the 
lifting height of the platform:  

(16) 

Where, is the tilting factor; is the 

initial position of the platform at the k-step; 

the movement of the platform at k-step and the 

sum  represents the current height 

of the platform. In light of that the synchronization 
formula between the different mechanisms can be 
written as follows: 

(17) 

The obtained relationship of lifting and control varia-
bles, which incorporates parameters of MC is shown 
as block diagram in Fig. 3. The output parameters 

are the coordinates of the center of the platform , 

 and , the mounting angle , the direction of 

inclination , the radius of shields location , as 

well as the center coordinates of the formwork in 
different body-axis systems.  
Since in the construction process, MC is exposed to 
a number of external and internal disturbances, the 
generation of transfer functions for different mecha-
nisms should reflect their influence, thus to obtain 
adequate and realistic mathematical model of MC.  
For instance, the mechanical complex is installed 
under direct sunrays, which cause dilatation of sev-
eral components. As a consequence, this imposes 
variation in the design parameters. Let us assume 

that ,  and  are the parameters deviation 

of MC platform from the designed body-axis system 
and from the designed tilting angle respectively. 
These parameters are determined by the tempera-
ture coefficient of linear expansion of the tower 

height , the temperature difference between sunny 

and shady sides  and the direction of the solar 

energy flow . Hence we can write: 

(18) 

Where, H- is the height of the tower and  is the 

deformation coefficient. 
While simulating the thermal effects, we need to take 
into account the inertia of the heating process, which 
is described by an aperiodic element introduced into 
the model. The influence of wind load also causes a 
shift in the values of the platform setups designated 

as ,  and . These deviations are calcu-

lated in equation (19):  
(19) 

Where,  is the deformation coefficient caused 

by the wind. 
The deviation and slope of the formwork caused by 
unilateral action of the solar heat and wind load are 
represented using transfer functions equations: 
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Fig 3. Block diagram of the mechatronic construction complex 

 
 

 

 

 
 
   (20) 

 

Where,  and  are the transfer func-

tions of the offset and slop;  and  are 

the transfer functions of the linear deviation caused 

by the solar heat and wind load;  and 

 are the slop transfer functions of the angu-

lar deviation caused by the solar heat and wind load 

and  is the Laplace operator.  

To describe the static load effect on the lifting jacks 
and its reflection on the platform, we introduce new 

matrix , the elements of which characterize the 

distribution of the load, depending on its position on 
the platform. As a result of multiplying the static load 

vector  by matrix , we obtain the load vector of 

the lifting jacks , whose elements are the value of 

the static load acting on the corresponding jack. The 
effect of static loads on the lifting jacks formwork is 
an inertial astatic second-order process, described 
by the following transfer function: 

  

(21) 

As it was already mentioned, in the process of lifting 
the platform, possible deformation of its radial beams 
can occur, which leads to the appearance of elastic 
forces, providing additional load on the lifting jacks. 
To reflect this phenomenon in the model, we will 
introduce the matrix of stiffness , which is calcu-

lated on the basis of the elastic force vector : 

      

 
(22) 

When modeling the mechanisms of radial move-
ment, we have to take into account the friction force 

in the screw pair , concrete reaction , as well 

as the effect of the elastic forces of the formwork . 

These factors have an inertial character, which can 

be characterized by time constants ,  and  

respectively. Hence, the transfer functions of the 
external forces can be computed as follows: 

 

 

 

 
 
(23) 

The violation of the synchronization between differ-
ent mechanism leads to a gradual increase in the 

force of concrete reaction , the variation of which 

is represented in the following system: 
 

 

 

(24)
) 

 

Where,  is the coefficient representing the con-

crete pressure on the shields,  is the radial devia-

tion of the shields and  is the initial force of the 

concrete on the shields. 
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Fig 4. Complete block diagram of the mechatronic construction complex 

 

Conclusion 

The analysis of kinematic and dynamic properties of 
the mechatronic complex and disturbances are rep-
resented in the complete block diagram shown in 
Fig. 4. This allows for better analysis of dynamic 
characteristics, to predict the deviation of positioning 
of formwork during lifting and to investigate the influ-
ence of the disturbances on the performance of the 
mechatronic complex.  
 

References  

1. Parshin, D., Bulgakov, A., Buzalo, N. 
Robotization of slip form for monolithic 
construction of tall buildings // International 
Construction Specialty Conference, Vancouver, 
June 7 ‐ 10, 2015, pp. 1445-1454. 

2. Bock T., Linner T. Robotic Industrialization: 
Automation and Robotic Technologies for 
customized component, mudule, and building 
prefabrication. – Cambridge university press, 
2015, 233 p. 

3. Fossa K.T., Kreiner A. Slipforming of advanced 
concrete structures. – Tailor Made Concrete 
Structures – Walraven & Stoelhorst (eds) © 2008 
Taylor & Francis Group, London, pp. 831-836/ 

4. Hessam A. Khalek, Shafik S. Khoury, Remon F. 
Aziy, Mohamed A. Hakam. An automated input 
data mamagement approach for discrete event 
simulation application in slip-form operations // 
Journal of Engineering Research and 
Applications. ISSN: 2248-9622, Vol. 5, Issue 7, 
(Part – 2) July 2015, pp. 124-134. 

5. Kim H.S., Kim Y.J., Chin W.J., Yoon H. 
Experimental Study on Innovative Slip Form 
Method for the Construction of Tapered Concrete 
Pylon of Long-Span Cable Bridge // Engineering, 
2014, 6, pp. 633-643. Published Online 
September 2014 in SciRes. DOI: 
10.4236/eng.2014.610063 

6. A. Bulgakov, O. Parshin, G. Gudikov. Automation 
of sliding formworks used in construction of 

industrial buildings: Translated from Russian.  
Булгаков А.Г., Паршин О.Д., Гудиков Г.Г. 
Автоматизация скользящих опалубок для 
возведения промышленных сооружений // 

Обзорная информация.  М.: ВНИИНТПИ, 
2000. Сер. «Технология и механизация 

строительства.  Вып.1.  64 с.  
7. A. Bulgakov, O. Parshin, G. Gudikov. Control of 

sliding formworks used in construction of 
monolithic buildings. Translated from Russian/ 
Булгаков А.Г., Паршин Д.Я., Гудиков Г.Г. 
Управление скользящими опалубками при 
возведении монолитных здания и ядер 
жесткости // Механизация строительства, 
1987, № 12, с. 15-16. 

8. Bock T., Bulgakov A., Parschin O. An Automatic 
Mechatronic Complex for Erecting Monolithic 
Structures // 18th International Symposium on 
Automation and Robotics in Construction ISARC-
2001 (10-12 Sept. 2001,Krakow, Poland). – 
Krakow, 2001. – pp. 15–18 

9. D. Parshin. Automation in constructing monolithic 
buildings. Translated from Russian. Паршин Д.Я. 
Автоматизация возведения монолитных 
объектов / ГОУ Рост. гос. акад. с.-х. 

машиностроения.  Ростов-на-Дону, 2009. – 
203 с. 



14 

Inverse Kinematics for Teleoperated Construction 
Machines: a Novel User-oriented Approach 

Matteo Ragaglia
1
*, Alfredo Argiolas

1
, and Marta Niccolini

1
 

1 Yanmar Research & Development Europe, Viale Galileo 3/A, 50125 Florence (Italy) 

* Corresponding author (matteo_ragaglia@yanmar.com)

Abstract: This paper presents a novel approach to the problem of inverse kinematics for teleoperated robots. As a 

matter of fact, whenever the operator brings the manipulator near kinematic singularities or near the boundaries of its 
workspace, it is necessary to adapt the solution of the inverse kinematics problem in order to: keep the manipulator as 
closest as possible with respect to the human operator command, guarantee smooth robot motion, produce smooth joint 
saturations. Moreover, in case of kinematic redundancy, the algorithm should take advantage of the extra DoFs in order 
to obtain the aforementioned goals. Starting from a previously published solution to the problem of approximated inverse 
kinematics, some improvements have been introduced and comparative evaluation has been performed. 
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INTRODUCTION 
Nowadays, teleoperated (i.e. remotely operated) 

robots are experiencing a growing success in 

various application domains: military, search and 

rescue, disaster recovery, etc. Nevertheless, as far 

as the construction industry is concerned, robotic 

technologies have not become very popular yet. As a 

result, various operations that require high power 

and high accuracy (such as panel positioning, 

plumbing, material handling) are still manually 

performed by human workers in very inefficient and 

dangerous ways. After a thorough field investigation, 

we believe that the construction field could definitely 

benefit from the introduction of teleoperated robots in 

terms of both productivity and human workers’ 

safety. 

During teleoperation, a human operator remotely 

controls the manipulator by sending commands to 

some sort of Human-Machine Interface (HMI). If the 

interface consists in a scaled version of the robot, it 

is possible to implement teleoperation directly in the 

joint space. Not only this solution lacks generality, 

but also it cannot be easily adapted to manipulators 

characterized by different kinematic chains. 

Consequently, in general, the HMI is not 

kinematically similar with respect to the manipulator, 

thus entailing the need to implement Inverse 

Kinematics (IK) in order to translate into the joint 

space the commands produced by the operator in 

the task space (see Fig. 1). 

Moreover, considering a teleoperation scenario, 

three main problems must be addressed at the IK 

level: 

 kinematic singularities: in case the operator

brings the robot near internal singularities (i.e.

singularities located inside the robot’s

workspace), the IK algorithm should not 

produce large values for joint velocities; 

 joint limits: in case the operator brings the

robot to its workspace limits (i.e. external

singularities), the IK algorithm should keep the

machine inside the workspace, while producing

a smooth and intuitive trajectory;

 redundancy resolution strategy: if the robot is

equipped with seven or more DoFs, the IK

algorithm should decide when and how to

exploit the extra-DoFs. For instance, the

algorithm could exploit the kinematic

redundancy in order to maximize manipulability.

In this work, a novel strategy for the calculation of IK 

in teleoperation scenarios is presented. The 

proposed approach combines singularity avoidance, 

smooth saturations near joint limits and redundancy 

resolution. State of the art techniques are exploited 

to guarantee smooth trajectories in proximity of both 

internal and external singularities. On the other 

hand, gain scheduling procedures are introduced in 

order to activate (deactivate) task space error 

compensation and redundancy resolution in case the 

manipulator is far (near) from joint limits. In this way 

it is possible to generate smooth trajectories, while 

keeping the manipulator inside its workspace and 

trying to follow the operator’s command as much as 

possible. 

Fig.1. Teleoperation control scheme with IK stage. 

STATE OF THE ART 

Considering a general manipulator, Direct 

Kinematics (DK) can be expressed as: 



15 

     (1) 

Given this formulation, the most simple approach to 

the IK: 

           
     

                         (2a) 

              (2b) 

          (2c) 

A typical problem that arises when dealing with 
differential kinematics inversion is represented by 
singularities, especially the internal ones. As a 
matter of fact, whenever the Jacobian matrix      is 

rank-deficient, its inversion (or pseudo-inversion, in 
case of redundant manipulators) will produce 
enormous joint velocities    even in presence of small 

task-space velocities   . In order to avoid this kind of 

situation, Damped Least-Squares (DLS) pseudo-
inversion of the Jacobian matrix has been originally 
proposed by Wampler

1
 and further extended in 

various more recent contributions
2
. DLS pseudo-

inversion is simply obtained by adding a perturbation 
term to matrix           before inversion: 

                                            (3) 

Alternative approaches utilize redundancy to avoid 

rank-deficient configurations
3,4

, but in this case it is 

not possible to exploit kinematic redundancy for 

other purposes, like for instance increasing 

manipulability/dexterity during task execution or 

teleoperation. Strategies based on switching 

between different Jacobian matrices have also been 

proposed
5
, but all these approaches introduce the 

non-trivial problem of ensuring the continuity of 

motion during switching. 

Beside singularity avoidance, another relevant 

problem that may arise during teleoperation is 

represented by joint limits. If the operator generates 

unreachable commands (i.e. tries to bring the robot 

outside its workspace boundaries), one joint or more 

may not be able to achieve the required velocities, 

thus resulting in large task space errors. Differently 

from conventional robotic scenarios (where the joint 

limit problem is tackled at the path planning level), 

during teleoperation the human operator generates 

unpredictable commands, thus preventing the robot 

controller to completely avoid unreachable 

configurations. 

Several solutions to the joint limit problem have been 

proposed in robotics literature. For instance, Chan 

and Dubey
6
 propose an approach based on 

redundancy resolution. Unfortunately methods like 

this work as long as the weighted Jacobian does not 

lose full rank. At that point redundancy can no longer 

be employed and the operator may bring the robot 

outside its workspace limits. 

A very interesting approach that deals with both 

singularity avoidance and joint limits has been 

proposed by Schinstock
7
. The standard DLS 

approach is extended to include individual, dynamic 

weights on each of the joint variables. A more recent 

solution to the IK problem in presence of joint limits 

and redundant kinematics is represented by the 

Saturation in the Null Space technique
8
. 

Unfortunately, while being quite elegant, this solution 

consists in an iterative algorithm that could be 

difficult to solve in real-time on embedded 

PCs/controllers. 

Finally, several IK approaches have been proposed 

for the case of humanoid robots
9
 or human-like 

manipulators
10,11

, but the main focus of these 

solutions is on redundancy resolution (and 

eventually on self-collision avoidance), rather than 

on the aforementioned problems that affect 

teleoperation. 

PROPOSED ALGORITHM 

In order to provide better performances during 

teleoperation, an Inverse Kinematics algorithm has 

been designed, starting from Schinstock’s method
7
. 

This algorithm has been originally developed for 

teleoperation purposes and deals with both 

singularities and joint limits. It extends the weighted 

DLS strategy
1
 by dynamically weighting each joint 

contribution when a joint limit is approached. This 

way, the algorithm provides approximate solutions in 

the task space when the commands are not 

reachable, while still providing exact solutions inside 

the dexterous workspace. 

Modified Schinstock’s Algorithm 

Schinstock’s algorithm has been implemented and 

extended by integrating a Cartesian error 

compensation term (in terms of position and 

orientation) and a redundancy resolution strategy 

that tries to maximize the manipulability during task 

execution. Given the joint space weight matrix      

(positive definite) and the damping parameter     , 

the next kinematic configuration is computed 

according to equations (4). For conciseness, explicit 

dependence of   ,    and    from   will be omitted 

from now on. 

                (4a) 

  
    

       
          

           (4b) 

       
 

  
 

      

       

 
          (4c) 

        
     

  
 
 

  (4d) 

             
                             (4e) 

                                     (4f) 

where: 

   and    are the Jacobian matrix and its Moore-

Penrose pseudo-inverse, respectively; 

   and   
  are the weighted Jacobian matrix 

and its Moore-Penrose pseudo-inverse, 

respectively; 
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    is the fixed task space weight matrix 

(positive 

 definite); 

   is the number of DoF of the robot; 

    is the identity matrix of dimension equal to n; 

     is the desired Cartesian speed; 

   is the Cartesian position/orientation error; 

    and    are two fixed gains; 

      is the cost function that is minimized in 

order to solve the kinematic redundancy; 

     is the null-space velocity term resulting from 

the minimization of     ; 

    is the vector containing the maximum joint 

values and     represents its i-th component; 

    is the vector containing the maximum joint 

values and     represents its i-th component; 

     is the i-th joint value at the mid of the course. 
 

The explicit saturation, equation (4f), has been 

introduced in order to guarantee that joint limits are 

always satisfied. As a matter of fact, Schinstock’s 

algorithm decreases joint velocities in proximity of 

joint limits, but it may allow joint angles to overcome 

their upper and lower bounds.  

 

Gain Scheduling Procedure 

The introduction of the Cartesian error compensation 

and of the redundancy resolution strategy entails a 

non-trivial problem. For example, once a joint 

reaches its boundaries, the Cartesian error 

undergoes a significant increase, thus determining a 

huge velocity command that the robot cannot follow. 

On the other hand, also the redundancy resolution 

strategy must be deactivated in case of joint 

saturations, since the null-space velocity     affects 

the task given that the robot loses its extra DoFs. In 

order to overcome this issue, a linear scaling 

procedure has been adopted. At first, the minimum 

distance between the joint angles and the 

corresponding boundaries is determined: 

                                          (5) 

then, the gain parameters    and    are updated 

according to the pseudocode displayed in Fig. 2. 

More in depth, these scaling procedures are based 

on the following parameters: 

   
  (  

   is the maximum value of gain    (   ; 

    
  and    

  (   
  and    

   define a band inside 

which gain    (  ) is scaled. 

 

SIMULATION AND EXPERIMENTS 

In order to validate the inverse kinematics algorithm 

previously described, we consider the following 

scenario: the Future Working Machine (FWM) 

prototype (a 8 DoF redundant robot shown in Fig.3) 

is given a velocity command in the task space in the 

form of different square waves along the Z-axis. In 

the first simulation, the robot is solicited with a 

square wave of amplitude equal to 0.025 m/s and 

period equal to 50 s.  

The following plots show that, in absence of joint 

saturations, our algorithm gives the same results 

with respect to the standard weighted DLS pseudo-

inverse algorithm in terms of Cartesian position 

(Figure 4), Cartesian position error (Figure 5), and 

joint positions (Figure 6). 

 
Fig.2. Pseudocode of gain scheduling procedure  

 

 
Fig.3. Future Working Machine prototype 

 

In a second simulation, the robot is solicited with a 

square wave of amplitude of 0.100 m/s and the 

same period of 50 s. In this case, multiple robot 

joints reach their saturations and the proposed 

inverse kinematics algorithm clearly outperforms the 

standard weighted DLS pseudo-inverse algorithm in 

terms of Cartesian position (Figure 7), Cartesian 

position error (Figure 8) and joint positions (Figure 

9). 

Moreover, Figure 10 shows that the saturation of 

joint #3 is much more smooth when the proposed 

algorithm is used instead of the standard pseudo-
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inverse one (that enforces a with direct joint 

saturation). 

Figure 11 and Figure 12 show the robot configuration 

enforced by the two algorithms at time equal to 25 s 

(i.e. when the commanded task-space position is 

furthest from the robot’s workspace limits). The 

representations have been realized using Matlab 

Robotics Toolbox
12

. It is worth noting that the 

proposed algorithm is able to keep the manipulator 

as near as possible to the commanded task-space 

position even in case of multiple joint saturations.  

Finally, Figure 13 shows the reason we introduced 

the gain scaling procedures previously described. In 

presence of joint saturations, in fact, the gain 

scheduling procedure allows to avoid oscillations 

and very large spikes on joint velocities, thus 

entailing more accurate positioning and less stress 

on the mechanical structure of the robot. 

Fig.4. Simulation #1 - Cartesian Position: reference 
(solid black), pseudoinverse (dashed dark grey), 
proposed algorithm (dashed light grey) 

CONCLUSIONS AND FUTURE DEVELOPMENTS 

In this paper a novel procedure for the calculation of 

inverse kinematics in teleoperation scenarios is 

presented. The proposed approach ensures 

singularity avoidance and guarantees smooth 

saturations near joint limits. Moreover, this algorithm 

is able to effectively exploit kinematic redundancy.  

Several simulations have been performed to prove 

the effectiveness of our approach. Given the 

collected results we can state that whenever the 

commanded trajectory does not exceed the robot 

workspace our algorithm guarantees the same 

tracking performances with respect to state of the art 

alternatives
1-7

. 

Fig.5. Simulation #1 - Cartesian Position Error: pseudo-
inverse (black), proposed algorithm (grey) 

Fig.6. Simulation #1 - Joint Positions: joint limits (solid 
black), pseudo-inverse (dashed dark grey), proposed 
algorithm (dashed light grey) 
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Fig.7. Simulation #2 - Cartesian Position: reference 
(solid black), pseudoinverse (dashed dark grey), 
proposed algorithm (dashed light grey) 
 

 

 
Fig.8. Simulation #2 - Cartesian Position Error: pseudo-
inverse (black), proposed algorithm (grey) 
 
 

 
Fig.9. Simulation #2 - Joint Positions: joint limits (solid 
black), pseudo-inverse (dashed dark grey), proposed 
algorithm (dashed light grey) 
 

 
Fig.10. Simulation #2 - Detail of Joint 3 saturation: joint 
lower limit (dashed black), pseudo-inverse (solid dark 
grey), proposed algorithm (solid light grey) 

 

 
Fig.11. Simulation #2 - Robot configuration at time 
equal to 25 sec with pseudo-inverse algorithm 
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Fig.12. Simulation #2 - Robot configuration at time 

equal to 25 sec with proposed algorithm 

 

 
Fig.13. Simulation #2 - Joint velocities: Schinstock’s 
algorithm (solid black), proposed algorithm (solid grey) 
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Recently, efficiency in the building fabrication process and on construction sites in terms of energy consumption, sus-
tainability and reuse has become more and more important in the discussion of the building life-cycle and the construc-
tion site of the future. In this paper, different approaches for the development of automated refurbishment and end-of-life 
concepts with focus on robotic deconstruction within the construction sector will be introduced. Whereas RWTH Aachen 
is researching on the integration of industrial robots in the context of smart building automation and the digitalization of 
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preplanned deconstruction. An overview of the proposed concepts and the pros and cons of the various methods will be 
discussed in this paper.  
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INTRODUCTION 
As a basis for the detailed development of automat-

ed processes, the following introductory section 

describes the demand for new refurbishment and 

end-of-life processes to locate the research aims 

within a global context.  

General demand for new refurbishment & end-of-

life processes  

Generally, the demand for refurbishment and decon-

struction of whole buildings as well as building parts 

is drastically increasing
1
 due to rising vacancy rates 

and worsening building conditions of the building 

stock among other criteria. Furthermore, in the past 

years major changes in society that have modified 

the requirements of residential architecture have 

been observed. To meet the new standards while 

preserving existing built resources, the building stock 

has to be generally reorganized including the partial 

and locally defined deconstruction of internal and 

external building parts such as walls, slabs and fa-

cades. In addition, the increasing scarcity and cost 

increase of resources lead to the demand for future 

refurbishment and end-of-life approaches for build-

ings which ensure that the material bound in the 

building can almost fully be recovered for reuse ei-

ther within the given building or for other construction 

projects. This recovering is, however, labor intensive, 

involves highly repetitive processes, and in some 

cases is dangerous for human beings. The utilization 

of robots in this filed is thus imperative. 

Moreover, not only the demolition sector but also the 

construction industry have become more and more 

affected by intensified recycling and reuse standards 

such as the Waste Framework Directive (WFD) of 

the European Union or the German 

Kreislaufwirtschaftsgesetz (KrWG). Therefore, the 

building industry is in need of recycling and decon-

struction strategies for recent construction setups 

which often include more complex and intertwined 

composite elements than in past years due to their 

highly optimized function based layer arrangement. 

One example for these elements are external ther-

mal composite systems (ETICS). The acceptance 

and future application of such system are strongly 

related to reliable recycling strategies supporting the 

KrWG regulations but are not yet fully examined. 

Although the processing of great amounts of con-

struction and demolition waste (C&D) already reach-

es a high degree of recycling
2
, there is still great 

potential for high quality element reuse of certain 

building elements. Therefore, the current deconstruc-

tion processes have to be adapted to be able to 

provide the necessary varietal purity for the pursued 

element reuse. 

All in all, new refurbishment and deconstruction pro-

cesses have to be developed to be able to not only 

cope with the described circumstances but also effi-

ciently handle the deconstruction and refurbishment 

in high-wage countries. The efficiency has to influ-

ence the process development to optimize working 

efforts, working time and costs to guarantee the 

competitiveness of construction and demolition com-
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panies. Concurrently, the working conditions within 

the process have to be increased while decreasing 

emission for the working as well as living environ-

ment close to or at building and demolition sites to 

provide safer and more attractive jobs for workers in 

the building and demolition sector to match the 

changing requests of the labor market.  

 

STATE OF THE ART DECONSTRUCTION 

Considering that future refurbishment and end-of-life 

approaches for buildings can be characterized rather 

as systemized building deconstruction (which allows 

for component-reuse and recycling) than as building 

demolishing, the actual process can be subdivided 

into three major phases, namely the preparation of 

deconstruction, deconstruction and material separa-

tion, and the processing of deconstructed compo-

nents. The development of automation strategies 

and robotic technology for all three phases that allow 

to treat a building as a modular product which can be 

systematically disassembled increasingly is a topic in 

R&D in both industry and academia.  

Currently, deconstruction takes place at different 

levels of automation, material separation, manual 

labor integration and costs. While the application of 

frequently used hydraulic excavators (HE) with vari-

ous attached deconstruction equipment offers a fairly 

automated, time and cost efficient process, it is not 

able to support the pursued optimization of decon-

struction and refurbishment processes with a high 

quality separation for material reuse. So far, this is 

only possible with a great amount of manual labor 

cooperation because the big machinery lacks of 

necessary local accuracy. 
3
 

On the other hand, manual demolition work with the 

support of small machinery such as pneumatic 

hammers is a rather slow process which is often 

mentioned as indicator for cost-driving positions of 

demolition services
1
3.  Considering also the working 

conditions, manual demolition procedures entail 

more disadvantages which are otherwise mostly 

prevented by the protection of the HE cabin:  

 

(1) direct exposure to dust, equipment vibra-

tions and unpredictable hazardous situation 

through uncalculatable material fall off 

(2) direct contact to unexpectedly exposed con-

taminated materials  

(3) physical stress because of equipment pay-

load and manual material transportation  

 

However, manual deconstruction is so far the most 

effective procedure for high quality material separa-

tion on site
4
. The human dexterity as well as imme-

diate intuitive adaption of working procedures and 

adequate tools allow for all degrees of purity of varie-

ty of harvested materials and thus allow for con-

trolled and predictable material and building element 

reuse.  

In conclusion, common deconstruction procedures 

are not yet applicable for optimized refurbishment 

processes. New approaches have to be developed 

combining the advantages of various common pro-

cedures. 

 

NEW APPROACHES FOR AUTOMATED REFURBISHMENT 

& END-OF-LIFE PROCESSES 

In the following sections, the two different research 

approaches for the optimization of refurbishment and 

end-of-life processes overcoming the discrepancies 

of common procedures as described above are ex-

plained in detail. 

 

Prefabrication and deconstruction  

This section summarizes the research developed by 

the Chair for Building Realization and Robotics at TU 

Munich on necessary frameworks and systems for 

the automated refurbishment and end-of-life pro-

cesses based on results of prefabrication research in 

construction. The research aims and results are 

accompanied by preliminary research and industry 

examples of the Japanese sector of automation and 

robotics in construction. 

 

Holistic approach & sub-systems 

Achieving an optimal building stock is a goal of the 

European Union
5
. For that purpose, there have been 

several publicly financed projects
6-8

 that have been 

working with several solutions in order to ameliorate 

traditional ways of gathering a holistic building reno-

vation. An automated and robotic building refurbish-

ment process
8
 will facilitate the renovation and 

maintenance of the building stock. 

For conceiving a system for robotic building renova-

tion, three main concepts of three main sub-systems 

have to be considered
8
8: 

 

(1) Sub-System 1. Adaptable module or ele-

ment configuration. The bespoke added el-

ement or module is adapted to the geometry 

and physics of the existing building. 

(2) Sub-System 2. Robotic manufacturing pro-

cess of customized elements or modules. 

This concept leads to flexible or lean manu-

facturing. 

(3) Sub-System 3. Robotic installation process 

of modules or elements that are placed and 

fixed onto the existing building. To achieve 

that purpose, there must be a redevelop-

ment of existing robotic and non-robotic 

hardware and software tools which then 

have to be reconceived for building refur-

bishment.  
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Under these three main sub-systems, a hierarchized 

and interrelated chart of sub-sub-systems must be 

organized. Since the System can grow in complexity, 

methods such as Axiomatic Design or TRIZ are al-

ways necessary
9
9. E.g. focussing on Sub-System 2 

(see Figure 1), the primary goal is to improve the off-

site manufacturing process. Other goals can also be 

pointed out, such as: 

 

(1) Adapt to different degrees of automation 

(2) Adapt to various assembly processes con-

figurations depending on the module or el-

ement variations 

(3) Adapt to factory reconfigurations  

(4) Adapt to various supplying systems. 

 

 
 

Figure 1. Sub-System 2: Robotic manufacturing system 

for building refurbishment, a scheme 

 

 As it can be observed, the issue of robotic building 

renovation is complex and needs a holistic vision in 

order to successfully achieve the goal. 

 

Related robotic technology for construction  

Specific and dedicated single task robots ( 

Figure 2) have already been conceived to work in the 

interior and exterior of construction sites
10

. Those 

robots operate different tasks such as dismantling 

the actual building elements and installing new ones. 

 

 
 

Figure 2. a) Interior Inspection Robot Shinyo Corpora-

tion Robot or Fujita Robot b) Interior Refurbishing Robot 

TB., c) Fig.3. Interior Refurbishing Robot Komatsu (All 

Copyrights by Thomas Bock, TU Munich) 

 

These technologies, in principle, need to be adjusted 

for being applied within the building refurbishment 

process
10

. 

 

Preliminary examples for rapid refurbishment 

One of the best preliminary examples of rapid build-

ing refurbishment is the upgrading of the OMM build-

ing in Osaka in 1987. It was led by Takenaka Con-

tractor Company and the YKK curtain wall manufac-

turer and installer. The main goal of the project was 

to add a second envelope layer in order to improve 

the thermal performance of the building. In this case, 

some relevant characteristics can be found: 

 

(1) Accurate measurement of the existing build-

ing envelope. 

(2) Accurate positioning of connectors. 

(3) Accurate fabrication of bespoke curtain wall 

prefab modules. 

(4) Fast placement system of the new curtain 

wall using embedded rails  

(5) Rapid clamping, fitting and fixing mecha-

nisms. 

 

Although the construction industry of that time period 

in Japan was highly robotized
12

, the used tools were 

actuated manually in this project. This shows that 

working in existing buildings due to the unstructured 

and poorly documented environment is more com-

plex and requires more specific development. 

 

Large scale kinematics for construction and decon-

struction 

Members of the Building Realization and Robotics 

Chair at TU Munich have approached a robotic sys-

tem that is suitable for the installation of flat modules 

onto facades in order to improve the energetic per-

formance of the building 
11,13

. This early stage re-

search has focused on two main issues:  

 

(1) Development of robotic support bodies. 

(2) Design of the end-effector system defined 

as a Modular End-Effector (MEE) System.  

 

Depending on the building typology, some support 

bodies adapt better to a given building situation. For 

instance, a support body based on Arial Work Plat-

form is more suitable for low rise buildings, whereas 

a Cable Driven robot would be appropriate for a high 

rise building. Figure 3 a) depicts a connector fixation 

process with an Aerial Work platform. In this case the 

MEE is performed semi-automatically and the opera-

tor can guide the whole process close to the task. 

On Figure 3 b) the MEE is used by an Automated 

Vertical Bridge crane. It can be observed that the 

MEE elevates the facade component. As shown in 

Figure 3 c), it has also been considered the choice of 

using the MEE as a cable suspended device by a 

cable robot. 
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Figure 3. Automated façade element assembly with a) 

Arial Work Platform b) Automated Vertical Bridge c) 

cable suspended robot. (Image: Iturralde, Linner and 

Bock, Chair for Building Realization and Robotics, 

Technische Universität München) 

 

The MEE system has been simulated using specific 

software. The simulation has focused on 

 

(1) Structural behavior of the proposed MEE 

(2) Operability performance of the MEE system. 

 

For the installation of the modules, the MEE needs 

to perform several tasks: drilling the existing wall, 

inserting the connector and placing the fixing and the 

module itself. 

 

On-site operation site factories 

Automated and robot supported deconstruction of 

buildings is accomplished by on-site operation site 

factories which are installed on the site as a cover 

basically move down the building coordinated by the 

deconstruction time schedule and allow the installa-

tion and operation of all sorts of robots and assistive 

tools. Thereby, a controlled, structured and system-

ized work environment is created on site. Bock and 

Linner sub-classified on-site approaches for system-

ized-deconstruction into three categories
14

 (see Ta-

ble 1). 

 

Typology 1 Typology 2 Typology 3 

Closed Sky 

Factory Sup-

ported by Build-

ing (moving 

downwards) 

Open Sky Fac-

tory Supported 

by Building 

(moving down-

wards) 

Ground Factory 

(fixed place) and 

Building Lowering 

   

Systems: 

Hat Down (Ta-

kenaka) 

TECOREP 

(Taisei) 

Systems: 

MoveHat (Ni-

shimatsu) 

RCM (Shimizu) 

QB Cut-off 

(Obayashi) 

Systems: 

DARUMA (Kajima) 

 

Table 1 Categorization of on-site deconstruction ap-

proaches employing robotic technology 

 

For example, all six major Japanese contractors 

have developed systems for systemized and at least 

partly automated/robotic disassembly since 2008
14

. 

One example is the HAT-Down system by Takenaka 

Corporation/ T. Bock ( 

Figure 4). In such on-site factories, the high-level 

components are disassembled (e.g. from top to bot-

tom), then the harvested components are further 

process, for example, in a ground factory on-site into 

sub-assemblies and parts, which can then be hand-

ed over to off-site factories for recycling and reuse. 

 
 

Figure 4. Automated building disassembly for urban 

mining (Image: HAT-Down system by Takenaka Corpo-

ration/ T. Bock) 

 

The processing of lower level components, mono-

material parts or raw materials can be efficiently 

accomplished in off-site factories providing a struc-

tured environment for the use of automation and 

robotic technology. A more extensive example was 

developed by the Japanese housing manufacturer 

Sekisui Heim ( 

Figure 5).  They offer as part of their construction 

system a house reuse program where steel cells and 

frames that have been disassembled from an old 

house are “re-personalized” on their production lines 

and used for a new, individual building
12

.  

 
 

Figure 5. Large-scale deployment of sustainable build-

ings through advanced prefabrication (Image: Sekisui 

Heim) 
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Robotic arms for life-cycle oriented material and 

element refurbishment 

The chair for Individualized Production in Architec-

ture (IP) at RWTH Aachen University is currently 

researching on robot assisted deconstruction and 

refurbishment processes for the recovery of building 

material with a high degree of material separation as 

well as element reuse. The pursued application sce-

nario of the new processes is based on the refur-

bishment of wall-construction based buildings espe-

cially supporting product recycling for reuse in the 

building industry
15

. To be more precise, locally re-

stricted and partially executed deconstruction of 

building elements and relocation of harvested reusa-

ble materials or building parts on the same building 

site within a new context will be sought, which can 

be referred to as a life-cycle oriented material and 

element refurbishment. 

To quickly and efficiently achieve this ambitious goal, 

the interdisciplinary team of IP is researching on the 

implementation of well-known industrial robotic arms. 

The motivation here is to use standardized and reli-

able hardware to be able to focus the research on 

detailed software problems such as new task pro-

gramming as well as human-machine interaction to 

guarantee a successful implementation in the so far 

poorly automated construction sector. 

 

Figure 6. depicts an example of initial experiments on 

robotic arm assistance in the deconstruction pro-

cess. Here, the robotic arm was programmed for 

precise stemming of masonry joints as preparation 

for a refurbishment process including the partial 

deconstruction of an external wall to gain a new 

opening and reusing of the harvested bricks for a 

new internal wall element while recycling other parts. 

 

 
 

Figure 6. Robot assisted exposure of bricks via stem-

ming of masonry joints (top) and manual removal of 

bricks (bottom) at RWTH Aachen construction site (Im-

age: Lublasser and Brell-Cokcan, Individualized Pro-

duction in Architecture, RWTH Aachen University) 

 

Advantages of robotic arm assistance  

It is expected that the integration of robotic arms in 

the deconstruction process will be able to bridge the 

gap between common procedures combining their 

advantages. While relieving demolition and construc-

tion workers from the heavy equipment weight and 

direct exposure to hazardous situations
16

, robotic 

arms are capable of controllable and precise move-

ment, demolition and handling tasks to allow for 

direct element reuse without the necessity of major 

post-processing work. The so harvested material can 

then directly be reused on site in accordance to the 

refurbishment design. Thereby, the new process not 

only bridges the gap between different available 

machineries but also between the different architec-

turally and resource relevant tasks within a refur-

bishment project from demolition to construction in a 

de facto closed loop (see also section 0). Achieving 

this helps to reduce the consumption of energy and 

primary resources for construction tasks during re-

furbishment, since the manufacturing and transporta-

tion of new materials becomes superfluous.  

 

Problems of robotic arm assistance 

At the moment, standard industrial robotic arms can 

hardly be used freely for partial refurbishment of 

residential or public buildings because of their heavy 

weight, which is necessary to handle the heavy de-

construction equipment. Using large robotic arms 

endangers structural stability of common building 

construction. Furthermore, accessibility of the vary-

ing operation sites during refurbishment cannot yet 

be guaranteed. Nonetheless, current developments 

hold out the prospect of more efficiently usable ro-

botic arms with an improved load to payload ratio 

(e.g. KUKA iiwa). 

 

Robot programming for complex robotic deconstruc-

tion tasks 

In order to prepare fundamental skills and software 

for the pursued robot assisted deconstruction and 

refurbishment process, the research started out with 

a couple of experiments focusing on selected as-

pects. Those initial research approaches are de-

scribed hereinafter. 

 

Force controlled programming for deconstruction of 

composite materials 

As part of the research project “Robotic Façade 

Disassembly and Refurbishment System”, a robot 

assisted process for the deconstruction of external 

thermal insulation composite systems (ETICS) 
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based on EPS insulation was developed and tested. 

In general, the deconstruction was focused on un-

covering the raw masonry structure for the applica-

tion of new, ecologically harmless and more easily 

recyclable insulation material. 

The major challenge of the layer separation was the 

seamless transition of the various construction layers 

providing no suitable starting position for common 

deconstruction tools nor grippers. While the separa-

tion of those composite materials seems easily man-

ageable for humans due to their described dexterity 

for even minor material differences during decon-

struction, implementing the same sensitivity to robots 

or other machineries requires additional research 

and development effort. 

Finally, the precise material separation (e.g. of plas-

ter- adhesive composite and insulation) was 

achieved by using a common multi-tool machine with 

force controlled robot programming through the im-

plementation of a KUKA iiwa and the utilization of its 

torque sensors. In this case, force controlled pro-

gramming describes the combination of tool move-

ments linked via movement cancellation criteria de-

pending on forces measured by the robot (e.g. dur-

ing the collision of the tool and the wall). Thereby, 

the individual movements can automatically be ad-

justed according to the spatial settings without inter-

ruption or cancellation of the total process. Further-

more, no manual robot movement or relocation has 

to be integrated in the deconstruction procedure and 

therefore uncontrolled as well as error-prone actions 

can be excluded. 

Only a small area of the plaster-adhesive composite 

has to be manually removed from the insulation, 

afterwards the processes can be continued fully 

automated. The experimental procedure is depicted 

in  

Figure 7. 

Figure 7. Force regulated movement of the deconstruc-

tion tool – Experiment executed in the RWTH Aachen 

robotic laboratory with a KUKA iiwa and a Fein Multitool 

(Image: Lublasser and Brell-Cokcan, Individualized 

Production in Architecture, RWTH Aachen University) 

Intuitive human machine interaction through haptic 

programming 

For the implementation of new technology such as 

robotic assistance on building sites, new ways of 

programming and machine integration have to be 

developed to achieve a high acceptance of the tech-

nology by unprepared and untrained building work-

ers as well as an efficient human machine interaction 

on site. 

One approach to support simple human machine 

interaction while alleviating fears for new technology 

is the “haptic programming” developed during the 

project “Dynamic & Interactive robotic Assistant for 

Novel Applications”
 17,18

 by the chair for Individualized 

Production in Architecture.  

Haptic programming allows for direct and safe ma-

chine interaction through targeted integration of 

teaching options as well as soft motion modes pro-

vided by newest robot technology with torque sen-

sors such as the KUKA iiwa. Through slight pushing 

of the robot by the human in predefined directions, 

the prepared robot program can be started, manipu-

lated, fast-forwarded and rewound. Furthermore, the 

robot can be led within locally defined boundaries to 

capture geometric information which then allows on-

site changes of the construction design to the very 

last minute before execution. The advantage of the 

haptic programming for simple human machine in-

teraction is that no code-based programming has to 

be done on-site but the building worker is still able to 

adapt the construction work and process. For this 

purpose, no complex additional training in addition to 

a short introduction to the robot features is neces-

sary. 

This haptic programming research has already been 

tested with various people who are not familiar with 

robotics and was proofed to be successful. One 

application was presented at the Hannover Messe 

2016 in the course of the KUKA innovation award. 

Here, bystanders were able to define the geometry 

of a rod-shaped wood structure which was then im-

mediately produced. Furthermore, they were able to 

support the robot during the joining process of the 

rods to gain a higher accuracy of the robotic joining 

motion.
17

 The last described interaction was also 

tested at the Robodonien Festival 2016 in Cologne. 

Here, the haptic programming during the process 

was expanded with the options of program starting 

as well as fast-forwarding and rewinding to be able 

to operate necessary predefined movements as 

often as desired. In both cases, the integrated by-

standers were able to interact with the robot with 
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only minor explanations and showed no anxious 

reluctance in handling the robotic process by them-

selves.     

 

GLOBAL EFFECTS OF AUTOMATION AND ROBOTIC 

ASSISTANCE ON CONSTRUCTION SECTOR 

As shown, the application of robotics and automation 

helps to directly connect different stages of the build-

ings life cycle. Moreover, automated machinery on 

site can be implemented as a data and information 

medium to overcome one of the biggest issues for 

the implementation of advanced automation on 

building sites - the lack of a closed digital process 

chain ( 

Figure 8) from planning to execution on site until the 

final end of a buildings life cycle
19

.  

 

 
 

Figure 8. Loss of information during the building lifecy-

cle and additional data through robot integration (Im-

age: Lublasser and Brell-Cokcan, Individualized Pro-

duction in Architecture, RWTH Aachen University) 

 

By using digitally controlled machinery for building 

element production, handling and manipulation, 

connecting various information such as material type 

and conditions, actual positions of new or inbuilt 

elements, deviations from planned execution and 

connecting them with the geometric information of 

the digital building model will be enabled. Thereby 

collected information can then be used as data basis 

for further refurbishment actions or the final building 

demolition. Furthermore, the data collection helps 

not only for one building in particular but also as 

statistic reference material for similar building types.  

Additionally, the general setup of automated machin-

ery allows for simple integration of various sensors 

or camera systems. Collecting additional information 

with the help of those tools can help to provide a 

reliable data basis for building refurbishment and 

demolition especially of old buildings with no digital 

and little other information on the actual construction 

setup. Hereby, all building and demolition tasks be-

come more predictable and can be planned more 

effectively and efficiently.  

 

CONCLUSION 

The paper presented a summary on the various 

research approaches on automated and robot as-

sisted refurbishment and end-of-life processes in the 

context of the German and Japanese construction 

sectors. The different research aims are dedicated to 

different levels and scales of the general processes 

development. Thus, an important task for future 

research is to combine the results of all scales to 

generate a highly automated and adjustable refur-

bishment as well as end-of-life process and to gen-

erally push the degree of implemented automation in 

the construction sectors all over the world. 
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Robotic technologies are increasingly applied not only to building construction, but also to building renovation. In case of 
façade renovation, robotic applications can improve the safety and productivity of assembly process while diminish the 
disturbance to residents. Lightweight and compact elements are required especially when the buildings are old as well as 
the construction sites are narrow.  
Design focus on the function and construction of a lightweight and customized system for urban farming, which basically 
works as a greenhouse attached to façade. Additionally, the system serves as a ventilator for the apartment it relates to. 
It is assembled and operated by robots, which can move along both horizontal and vertical rails on the façade.  

 
Keywords: Robotics, Façade, Renovation, Lightweight System, Urban Farming, Automatic Assembly 

 

INTRODUCTION 
The idea of Eco-box (Fig. 1) is based on the renova-

tion of façade of a residential building in Munich, 

which was built in 1989-1991. By extending its life 

cycle, robotic refurbishment provides more favorable 

socioeconomic and environmental capabilities than 

the sole construction of new buildings. 
1
 

Because of the lack of Balcony for growing vegeta-

bles as well as adequate ventilation, the Eco-box is 

designed to solve both problems. This hybrid system 

consists of a greenhouse with solar panels on top 

and a mechanical ventilator at the bottom. In opera-

tion, robots move along the rails at the bottom of the 

system to take care of the vegetable and pick up 

fruits as needed.  

The ecosystem is embedded with façade and the 

drainage system, which aims to have zero energy 

consumption by using solar energy and filtered water 

from rain. The shape of the Eco-box is designed to 

achieve maximum sunlight for greenhouse while not 

Fig.1. The robot is picking tomatoes from Eco-box. 

 

blocking the sunlight for the apartment below. A rail 

system attached to façade enable the automatic 

assembly process by robots. 

 

DESIGN METHODS 

To meet the requirements that are raised in analysis, 

the method Axiomatic Design is implemented in the 

design. Axiomatic Design was developed by Nam 

P.Suh, a mechanical engineering professor at MIT. 

Suh’s intention was to identify a set of fundamental 

laws or principles for engineering design and use 

them as the basis for a rigorous theory of design. By 

identifying different attributes of the design, the major 

principles or structures become clearer, which leads 

to the improvement of existing design.
 2
 

 

Axiomatic Design 

Axiomatic Design operates with a model of the de-

sign process that uses state spaces to describe dif-

ferent steps in generating design concepts. 

Fig.2. The design process from an Axiomatic Design 

perspective.
 2
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Consumer Attributes (CAs) – are the customer 

needs that the design must fulfill. 

Functional Requirements (FRs) – are the variables 

that describe the intended behavior of the device. 

Design Parameters (DPs) – are the physical charac-

teristics of a particular design that has been  

specified through the design process. 

Process Variables (PVs) – are the variables of the 

process that will result in the physical design de-

scribed by the set of DPs. 

The relationships among these different variables 

throughout the Axiomatic Design process are shown 

in Fig. 2.
 
 

For example, if the Consumer Attribute is to minimize 

the weight of the greenhouse, one of the most im-

portant Function Requirements is to find a light-

weight substitute for soil. Then the Design Parameter 

can be: use hydroponic growing method, which uses 

water and nutrients instead of soil. Lastly, the Pro-

cess Variable is the supply and quality of water and 

nutrients for growing. A detailed Axiomatic Design 

Table is listed as below. (Fig. 3) 

Fig.3. Axiomatic Design Table 

 

 

 

ECO-BOX 

The idea of Eco-box is inspired by the wishes of 

people living in cities to grow their own plants in an 

environmental-friendly and effortless way. Instead of 

growing plants in traditional ways, new methods that 

suit the environment of cities are required. There are 

many advanced techniques in growing plants, one of 

which is hydroponic agriculture. 

 

Hydroponic Agriculture 

A revolutionary example is the rooftop garden from 

restaurant Bell Book & Candle in New York
3
 (Fig. 4). 

The restaurant provides local, organic and sustaina-

ble vegetables from its own aeroponic roof-top tower 

garden, which uses water mist and nutrients instead 

of soil to achieve a lighter, faster and more envi-

ronmental-friendly growing methods. 

Fig.4. roof-top tower garden Bell Book & Candle 

 

Another example is the 8,000 square foot green-

house in Bronx (Fig. 5), constructed and managed 

by Sky Vegetables
4
, which harvests about 2,500 

pounds of herbs, lettuce, kale and other green leafy 

produce each week. Sky Vegetable farms run on the 

Nutrient Film Technique (NFT), wherein all nutrients 

are fed into a shallow stream of water. The plants 

absorb what they need of the nutrients and the re-

mainder is caught in the tank and used again. While 

a soil-based system can weigh up to 40 pounds per 

square foot — too heavy for many roofs — a hydro-

ponic system weighs approximately 8 pounds per 

square foot. 

Fig.5. Hydroponic rooftop farm in the Bronx 
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Structure of Eco-box 

The Eco-box works as a hybrid system with two 

main functions: cultivation and ventilation. Along with 

the two main functions are the solar energy system 

as well as the rain collection and filtration system, 

which make the Eco-box into a self-sufficient system 

with minimal energy input. The Eco-box consists of: 

- A green house with hydroponic grow tray, 

which contents nutrients and water for growing 

plants. On one side of the grow tray is rain collector 

and filter that are connected to the drainage system 

of the building. A vegetable collecting box near the 

opening of the Eco-box provides convenience when 

the vegetables or fruits are ripe and ready to be har-

vested by the robot. 

- A mechanical ventilator hides at the bottom 

of the Eco-box, which improves the ventilation deep 

inside the apartment. 

- Transparent solar panels on top of the Eco-

box which provide energy for the mechanical ventila-

tor all year round. In cold winter seasons, the heating 

pipes under the grow tray work to prevent the water 

in the hydroponic grow tray from freezing, using 

energy produced by solar panels. (Fig. 6, 7 & 8)  

 

Fig.6. Structure of Eco-box 

 

As an individual and self-sufficient system, the Eco-

box can be customized by the preferences of the 

residents as well as the structure of the existing 

façade.
5 

Once the size of the Eco-box is set, users 

can choose what kind of vegetable or fruit they want  

 

 

Fig.7. Section of Eco-box with an operating robot arm 

 

to grow in this season, which leads to the decision of 

the specific kinds of nutrients and the amount of 

water that are needed.  

If the vegetable or fruit needs less sunlight as pro-

vided, shading nets can be installed inside the  

Fig.8. Elevation of Eco-box with an operating robot arm 
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greenhouse. If more light helps to the growth of the 

vegetable or fruit, LED-lighting on top of the green-

house can work at nighttime to accelerate the grow-

ing process. 

The irrigation system is called Nutrient Film Tech-

nique (N.F.T) system
6
. The circulation of water and 

nutrients goes on with a water pump in the grow tray, 

which means electric maintenance is essential to 

avoid system failure. Other than that, the cultivation 

process requires little effort to go on. The harvest 

process of vegetable or fruit can be done by a robot 

with a camera and Image Processing Technology. 

 

ROBOTIC OPERATION AND CONSTRUCTION 

In recent years, a number of automatic construction 

methods are applied in different cases using robotic 

technologies.
 7
 One reason is the increase of human 

cost in most countries. Another reason is the call for 

safety and efficiency in construction site. In some 

cases, mini-actuators (or even micro-actuators) and 

micro-sensors are already used for the precise posi-

tioning or user functions. 

The first example is the robot developed by TAISEI 
(Fig. 9) for the painting of exterior walls on a high-
rise building with a height of 219.5m. The robot’s 
vertical guide rails were an integral part of the façade. 
In moving vertically, the robot detects the joints be-
tween concrete panels and measures its vertical 
distance from the joints.

 8
 

Fig.9. the robot developed by TAISEI for the painting of 

exterior walls  

Fig.10. mechanized panel assembly system developed 

by BALLAST NEDAM 

The next example is the mechanized panel assembly 

system developed by BALLAST NEDAM (Fig. 10). 

The panels are installed using a flying scaffold sus-

pended from a tilting arm. The tower crane uses this 

tilting arm to pick up the flying scaffold and take it to 

installation position. Using its own weight, the flying 

scaffold tilted into place on the proper floor. The 

flying scaffold then attaches the façade element to 

the building and then suspended itself. This is done 

using a hydraulic system. Once disconnected, the 

tilting arm can be used for the next flying scaffold.
 8
 

Despites the fact that many robots have been de-

signed considering the problems of traditional con-

struction methods, they are not sufficient to be put 

into practice and truly improve the construction pro-

cess. Meanwhile, it is remarked the adequacy of each 

body type to work in different building typologies.
9
 More 

lightweight and compact robots are required especially 

when the buildings are old as well as the construction 

sites are narrow. Such is the case of the installation and 

operation of the Eco-box.  

 

Structure & Functions of the Robot 

Fig.11. Structure and functions of the robot 

The robot designed for the Eco-box is a compact and 

multifunctional robot (Fig. 11) that moves along the 

horizontal rails at the bottom of the Eco-box and the 

vertical rails on the walls. For construction and daily 

operation process, only a few robots are needed 

according to the scale of the façade. The robot con-

sists of one body and three robot arms with different 

end-effectors and functions. These robot arms can 

be changed according to different scenarios. 

Construction and assembly process: when the robot 

moves along rails, two robot arms can be folded at 

the bottom to avoid unexpected impact. When the 

robot stops at a precise point and ready for the in-

stallation, two robot arms can stretch out and rotate 

to the proper position. Three end-effectors are taken 
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into consideration: one for pushing and pulling mo-

tions, one for nailing between metals and the last 

one for nailing between metal and concrete.  

Operation and harvest scenario: when the construc-

tion and assembly process is finished, the two robot 

arms can be removed and a new robot arm with 

sliding control can be assembled on the outer side of 

the robot. A camera
10

 is installed at the end-effector 

to detect whether the fruits are ripe or not, or wheth-

er Infestation of the plants occurs or not. If desired, 

different cutting devices can be installed at the end-

effectors
11 

according to different kinds of fruits.
 
 

 

Overall Construction Process 

 

 

Fig.12. The overall Construction Process 

The construction process is designed to be accom-

plished mostly on the façade by small robots, which 

will be practical in places that are too narrow for big 

robots or trucks as well as on the façade of buildings 

with sloping roof. The overall process is listed as 

follow: (Fig. 12) 

1. Firstly, install vertical rails on the blank walls 

for the vertical movement of the robot. Then install 

horizontal prefabricated rails one by one in the 

height where Eco-boxes will locate, using only the 

robot. 

2. As all the rails are installed, the robot carry-

ing Eco-boxes moves along the rails and installs 

them in the right places. 

3. All the Eco-boxes are installed. The robot 

can move back to the starting point and change 

another robot arm for different usage. 

4. All the Eco-boxes are in operation. The 

robot is picking and delivering vegetable (tomatoes) 

for the residents.  

 

Installation of Horizontal Rails 

The horizontal rails are installed one by one using 

only one robot. (Fig 13) Firstly, a rail unit is installed 

on the facade. Then the robot hangs on the first rail 

unit, carrying sliders and the second rail unit. By 

moving sliders, the second rail unit is guided towards 

the place next to the first rail unit. When the second 

rail unit is moved to the appropriate position, it is 

installed and nailed both to the first unit and to the 

wall. Then the robot come back and carry the third 

unit to install, and so on. 
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Fig.13. The Installation of Horizontal Rails 

 

Installation of Eco-boxes 

The installation of the Eco-boxes is accomplished by 

a robot and two connected horizontal rail units that 

move along vertical rails. Firstly, the robot assembled 

with protection frames is put on the two connected 

horizontal rail units, which forms a ‘base’ to hold one 

Eco-box each time. The process is listed as follow: 

(Fig. 14) 

1. The base carries the Eco-box and the robot 

to move along vertical rails. 

2. When reaching the turning point, the move-

ment changes its direction from vertical to horizontal. 

3. The base carries the Eco-box and the robot 

to move along horizontal rails. 

4. The Eco-box is fixed on the pre-installed 

rails by the robot arms. 

5. After installation of the Eco-box, the robot 

arms fold back to the bottom of the robot. The robot 

comes back along horizontal rails. 

6. The robot returns to the starting point and is 

ready for the installation of the next Eco-box.  

 

CONCLUSION 

The current paper proposed a concept of lightweight 

vertical urban farming unit, which is in the form of a 

customized and self-sufficient greenhouse that can 

be integrated to the existing façade. The system 

called ‘Eco-box’ enables people who live in apart-

ments without balcony to grow their own vegetables 

or fruits using sunlight and rain water instead of soil. 

Meanwhile, the integrated mechanical ventilator 

improves the air quality of the apartment, which is 

especially meaningful for old buildings. Because of 

the robotic assembly and operation technique, the 

system requires minimal manual work, which suits 

the needs of elderly and disabled people as well as 

people with busy life. 

Since the work is still on an initial phase, more inves-

tigations on specific techniques and materials need  
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Fig.14. The Installation of Eco-boxes 

 

to be fulfilled to further develop the concept. Some of 

the concepts mentioned in the paper are already well 

developed and successfully put into practice, such 

as aeroponic and hydroponic agriculture system. 

Some concepts like automate fruit harvesting are 

broadly researched but only in the beginning phase 

of commercialization. The integration of such con-

cepts into the system and the coordination within the 

system still need to be developed. 

The biggest challenge of the work is the robotic as-

sembly and operation system. Since the majority of 

existing successful examples of assembly robots are 

big in scale and high in operation cost, a compact 

and lightweight robot described in the paper still 

requires large amount of effort to be improved and 

realized. Potential problems can occur in the assem-

bly process such as too much sliding motions accel-

erates the aging of the facilities and adds risk to 

unsafety. 

A research possibility is the improvement of the rails 

for assembly and operation. Higher stability of the 

structure should be taken into account, such as more 

frameworks and better scales of the structural ele-

ments according to their materials. Another possibil-

ity is to define the details of the robot as it is still a 

vague concept with proposed functions. How to fulfill 

all the needs that are put forward while maintain a 

low cost of manufactory and operation is a problem 

to be solved. 

With more defined designs and realization of the 

concept, the system could be customized and ap-

plied in many building renovation cases to improve 

the living quality of residents as well as to introduce 

a more sustainable lifestyle. The concept of Eco-box 

is not just a product of urban farming, but also an 

education, in which people learn about the lifecycle 

of nature and a way towards better future. 
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This paper presents a new methodology to design and produce parametrically customizable wall components having 
highly expressive forms by combining algorithmic design strategies, robotic fabrication techniques and thermoforming 
processes. The purpose is to demonstrate the possibility of manufacturing mass-customized building components con-
sidering practical, functional and cost-effective factors. The design workflow and the manufacturing process are interwo-
ven: geometric properties, material characteristics and fabrication techniques concur to meet the efficiency of the system. 
The original contribution of the research presented in this paper consists of the invention of two rapid mold manufacturing 
systems for mass-customized elements, which combines robotic manipulations, pick-and-place, hotwire and hot-blade 
cutting with thermoforming techniques. The methods presented in this paper could open up a wide range of possible 
developments towards mass-customization of full scale building systems and components. A number of mock-ups have 
been realized in order to validate the methods. The geometries that are produced are the results of designing both the 
form and the production process. 
 
Keywords: Robotics, Fabrication, Mass Customization, Mold Design 
 

INTRODUCTION 
The production of individually customized molds 

requires the development of strategies for fast fabri-

cation directly from algorithmically generated infor-

mation. In order to achieve this, robotic technologies 

appear to be one of the most relevant production 

methods to address both ease of customization and 

the possibility of linking digital design information 

and physical construction and manufacturing princi-

ples (As explained in 
1
, Gramazio, F. et al 2014). 

Within many research institutions world-wide we find 

experiments on robotic foam cutting. Nevertheless, 

none of the experiments introduce the technique of 

combining foam carving and thermoforming pro-

cesses for mold design and production. 

The original contribution of the research presented in 

this paper consists of the invention of the following 

two construction systems: 

- reconfigurable mold system for mass-customized 

panels, which combines robotic manipulations with 

thermoforming techniques; 

- rapid mold manufacturing system for mass-

customized elements, which combines robotic hot-

wire and hot-blade cutting with thermoforming tech-

niques. 

The methods presented in this paper could open up 

a wide range of possible developments towards 

mass- customization of full scale building systems 

and components. 

 

BACKGROUND 

 

Variation and mass-customization in architecture 

The potential of digital design and fabrication pro-

cesses can best be exploited where a large number 

of discrete elements are combined as part of a self-

similar structure. The deployment in quantity and the 

difference in degree between the elements allow 

perceiving a sense of transformation of the whole, 

essentially making it become greater than the sum of 

its parts (As explained in 
2
, Reiser, J., Umemoto, N. 

2006). The possibility of generating formal signs of 

“transformation” in the design of architecture is relat-

ed to a mathematical model’s ability to describe 

variation. In this respect, the notion of pattern has re-

emerged within architectural design, specifically as a 

critical tool for managing large quantities of infor-

mation throughout the design process. Patterns 

facilitate the search for order and structure within the 

chaotic complexities of the world surrounding us. 

Through variation and differentiation within the rule 

system of geometry and information patterns, archi-

tecture becomes increasingly meaningful and ex-

pressive (As explained in 
3
, Kolarevic, B., Klinger, K. 

2008). 

When dealing with repetition-with-variation, it is not 

possible to easily manage the quantity of information 

generated by using conventional CAD-CAM pro-

cesses, therefore it is necessary to shift towards 

algorithmic logics. The algorithm becomes a vital tool 

for creation that significantly expands the design 

capabilities of architects and engineers. Rather than 

focusing on form and performance in an alternating 

and mutually excluding sequence, the designer has 

the ability – through algorithmic logics - to integrate 

material complexities and performance analysis in 

complex feedback loop, analyzing multiple layers of 

information within the same design environment. The 

designer progressively defines the search space for 

design explorations by specifying interrelated sets of 

variables and parameters and bounding them to 

constraints, restricting in this way the range of possi-

ble solutions to specifically selected outcomes. The 
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variables allow for exploration of the range of design 

options; whilst parameters enable the setting of vari-

ation and differentiation, constraints allow for the 

control of possible design options. Between Top-

down strategies where the form is given a-priori – 

usually following aesthetic sensitivity, and Bottom-up 

strategies that optimize a system originating from 

local reciprocalities to address specific performance 

and fabrication criteria, there is a wide spectrum of 

form-finding possibilities. This paper tries to address 

how to structure a relationship between efficiency 

and creativity that balances their different strengths.  

 

Related work and shortcomings of current  

molding technologies 

Current research in the field of digital fabrication in 

architecture is characterized by a shift from CNC 

(Computer Numerical Control) machinery towards 

more flexible general-purpose fabrication equipment 

such as industrial robots. Leading to an increasingly 

open design space, robotic fabrication offers the 

opportunity for computational design to explore a 

wider and more open design space. Cutting-edge 

research institutions and schools of architecture that 

embarked upon the challenge of robotic fabrication 

are creating new markets within the building con-

struction industry and robots are gaining ever-more 

popularity (As explained in 
4
, Picon, A. 2010). 

In this scenario, the growing demand for complex-

shaped and continuously-varying casted compo-

nents for architecture has lead the development of 

new molding technologies capable of managing 

complexity with efficiency; researches in this field are 

following two different directions. 

The first branch comprehends advanced manufac-

turing processes that use reconfigurable molds. 

These molds are generally made up of a matrix in 

which a series of automated/non-automated shifting 

components can slide, within a given dominium, in 

order in shape an upper elastic membrane constitut-

ing the molding surface. Nevertheless, these appli-

cations require complex machineries and the spec-

trum of  

geometries manageable by a single machine is lim-

ited so far. In particular, while these technologies 

may be potentially worthy for gently-curved continu-

ous shapes, they seem to be inapplicable for geome-

tries that feature sharp edges, small and highly com-

plex details. Furthermore, it seems to be arduous a 

large-scale application of these techniques for ma-

chinery complexity and heavy-duty use maintenance 

reasons. 

The second, where robots play a crucial role, con-

sists of reconfigurable processes, in which continu-

ously varied manufacturing gestures are applied to 

specifically programmed trajectories of robots. 

Most of the current mold shaping techniques employ 

computer numerically controlled milling and hot-wire 

cutting. Although milling is a highly flexible process, 

at an architectural scale, it becomes prohibitively 

time consuming (As explained in 
7
, McGee, W. 2012) 

and undoubtedly not cost-effective. Despite the 

above-mentioned shortcomings, milling technology 

has deep roots in the manufacturing industries and 

nowadays, at an industrial level, it proves itself to be 

the most trustworthy method in terms of quality and 

result continuity.  

 

       
 

 
 

Fig.1. The molds of Palazzo Italia – Milano Expo 2015 - 

are generated by using a 5 axis CNC milling machine. 

 

The milling technology has been widely explored for 

the production of molds to cast mass-customized 

panels for architectural application. Two recent high-

end projects that feature mass-customized molds 

made by means of milling technology are Louis Vuit-

ton Foundation in Paris and Palazzo Italia in Milan.  

On the other hand, hot-wire cutting holds a number 

of advantages when used to create formwork for 

casting, in fact, the removal of material in this pro-

cess is essentially volumic; the cutting wire process-

es a surface in a single sweeping motion, whereas in 

milling operations the volume is removed layer-by-

layer, constrained by the limited depth of the milling 
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bit (As explained in 
7
, McGee, W. 2012). Hot-wire 

cutting provides very fast manufacturing sessions 

and the quality of the overall process is continuously 

increasing, but a relevant geometrical constraint still 

persists: in fact, using a wire as a modeling tool, 

cutting surfaces have to be ruled ones and must 

extend through the whole material block, effectively 

constraining the possibilities of producing double 

curved geometries. Through pioneering projects, 

such as those explained in 
7
, McGee, W. 2012; in 

8
, 

Schwartz, T. 2011; in 
9
, Schwartz, T. 2012; and in 

11
, 

Brell-Cokcan, S., Braumann, J. 2014, robotic hot-

tool-cutting has proved itself to be an effective shap-

ing method; the challenge undertaken in current 

cutting-edge projects, such as those explained in 
13

, 

Søndergaard, A. et al 2016 and  in 
12

, Gramazio, F., 

Kohler, M. 2015, is to widen the spectrum of man-

ageable geometries and related manufacturing pro-

cesses. These project are opening up to double-

curved surfaces, coordinating the movements of two 

robots. 

All these developments in rapid manufacturing 

methodologies are also challenged by the necessity 

of coating the resulting surfaces for casting applica-

tions, as well as in the case of using as elements in 

themselves. Most of current industrial procedures 

rely on the application of different kind of resins to 

reinforce the surface of the mold and reduce imper-

fections. However, this appears to still be a complex, 

costly and time-consuming process, due to factors 

such as the cost of the resins themselves, the diffi-

culty to achieve a smooth and uniform surface, as 

well as the high toxicity of most of these products. 

It appears clear how, in order to fully exploit the po-

tential offered by the rapid manufacturing of custom 

molds with either reconfigurable elements or wire-cut 

Extruded Polystyrene (XPS) shapes, it is necessary 

to develop an integrated process able to connect 

design process, robotic manufacturing technologies 

and an innovative strategy for the coating of the 

produced surfaces. 

 

METHODS AND CASE STUDIES 

 

Rapid mold manufacturing system  

for mass-customized elements 

The motion capabilities offered by robotic arms, 

paired with the possibility to utilize different custom 

end-effectors, offer endless combination of fabrica-

tion processes. In order to select the most suitable 

for the production of molds for continuously varied 

geometries, key parameters have been speed of 

production and reversibility/recyclability of the mate-

rials utilized. In this light, robotic hot cutting of poly-

styrene panels trough either blades or wires appears 

as a key method. 

Different strategies have been explored for this pro-

duction, combining different end effectors and robotic 

processes. In particular, one of the key methods 

developed, in opposition to most of hot modelling 

applications using a moveable end-effector/standing 

block model, adopted an approach based on the use 

of a vacuum- gripping end-effector that transports 

the block along the programmed trajectories over 

different modeling tools, such as hotwires and hot 

knives. This offers several advantages, such has the 

possibility of easily integrate different processes of 

fabrication within the same robot trajectory, by simply 

moving the block over different tools, and also high-

light great potential for the integration of such pro-

cess within larger industrial production chains, where 

different robots handle different steps of the manu-

facturing process with minimal requirements for hu-

man intervention. 

Using this approach, methods have been developed 

for the integration of robotic hot wire and knife cut-

ting for the production of custom mold for concrete 

casting. The reason for such integration lies in the 

ability of hot-knife carving to break a relevant geo-

metric constraint: while a wire has two intersection 

points on the material block and consequently the 

described ruled surface has to pass through the 

whole thickness of the panel, with a knife it is possi-

ble to create holes, carvings and surface treatments 

on the panel, without the need for a cut through the 

entire thickness of the material. Moreover, the inte-

gration of carving with standard hotwire cutting offers 

the possibility to create sharp edges and kinks within 

the mold geometry. The method has been developed 

by mounting on a robotic arm a vacuum gripper han-

dling the pre-cut material blocks, which are first 

carved by moving through a standing hot knife, and 

then subsequently cut to the correct molding height 

by moving through a standing hotwire cutter. The 

carved component is then placed back within the 

original boundary of the pre-cut panel, creating the 

hollow space where concrete can be cast.  

 

 
Fig.2. Set-up of the hot-wire (R1) (b) (c) and a hot-knife 

(R2) (a) manufacturing process. R1: IRB1200-7, 7Kg 

payload, 700mm. R2: IRB1200-5, 5Kg payload, 

900mm. 
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 his s stem o ens u  new  ossi ilities for architects 

to design more articulated and  erformati e fa ades. 

This method proved to be able to quickly produce 

mass-customized molds using a 6-asix robotic arm, 

and also showed the possibility to operate continu-

ously with minimal human supervision during the 

process. The low cost of XPS material, together with 

its high degree of recyclability, allows the production 

of customization with ease. 

 

Case Study: Fluid Stone 

The outlined method has been experimentally tested 

through the development of different paneling stud-

ies. 

The objectives of this research are: the development 

of an integrated design workflow, the experimenta-

tion of innovative manufacturing strategies, the test-

ing of thermoforming techniques to generate coat-

ings and the investigation on the behavior of biody-

namic concrete in advanced concrete paneling. 

Specifically for this project, it has been casted the 

concrete developed by Italcementi, which so far has 

only been employed for the paneling system of 

Palazzo Italia in Milan (September 2015). This mate-

rial features a very high level workability and its sur-

face quality made it worthy the use for complex 

shaped architectural components. The powder mix-

ture is composed for the 80% by recycled Carrara 

marble and the water-cement ratio is between 10% 

and 11%. 

Fluid Stone project is composed by unique panels, 

algorithmically designed and robotically manufac-

tured. The shape concept considers a series of cut-

ting surfaces that model a given volume with varied 

inclination, depth and direction. The result is a series 

of carved panels, that are able to modulate the light 

and the energy coming from the environment. 

The robot programming has been done by means of 

Hal Robotics plug-in for Grasshopper by Thibault 

Schwartz, creating a link between geometrical gen-

eration and real-time robot simulation (As explained 

in 
8-9

, Schwartz, T. 2012). The manufacturing con-

straints, related to the material, the working area and 

the end-effectors, have been integrated in the design 

stage in order to make them become an integral part 

of the design, always available in the background for 

analysis and simulation (As explained in 
6
, Brell-

Cokcan, S., Braumann, J. 2011). This way it is pos-

sible to robotically fabricate infinite design variants of 

the current model at every time with just a few 

mouse clicks and without having to go through multi-

ple export/import steps from CAD to CAM to the 

robot. Collisions and insufficient tool length are de-

tected at runtime, so that the design (i.e., the code) 

can be instantly revised (As explained in 
6
, Brell-

Cokcan, S., Braumann, J. 2011). The simulation 

strategy has been integrated in the design process in 

order to develop a design that is coherent with the 

constructed form, influenced by the non-linearity of 

nature and the inherited constraints and deformation 

of the manufacturing process 

The proposed fabrication process for Fluid Stone 

project is made up of three stages: hot-modeling, 

thermoforming and casting. 

• Hot-wire and hot-knife cutting: while most of hot 

modelling applications use a moveable end- effec-

tor/standing block model, it has been adopted an 

opposite approach consisting of a vacuum-handling 

end-effector that executes the programmed trajecto-

ries over the modeling tool. This way it is possible, in 

the same manufacturing session, to use different 

modelling tools at the same time, specifically hot-

wire and hot-knife cutters, and to manage effica-

ciously blocks of different scale avoiding collisions 

between the end- effector and the working environ-

ment. At first a standard block of XPS have been 

modelled by a hot-wire that cuts out the panel out-

line. Subsequently, through a series of consecutive 

carvings - executed by a hot-blade - and cutting - 

executed by a hot-wire - the shape emerges from the 

XPS block.  

 

 
Figure3. Hot-blade carving of a XPS panel carried by an 
anthropomorphic robot (ABB-IRB1200-5. 5Kg payload, 
900mm). 

 

From a manufacturing point of view, hot-knife carving 

breaks a relevant geometric constraint: while using a 

wire there has to be a two intersection points on the 

material block and the ruled surface has to pass 

through the panel; by utilizing a knife, it is possible to 

create holes and detailed surface treatments on the 

panel.  
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•  hermoforming: the XPS sha es ha e  een dra ed 

with a PVC sheet that covers the casting side and 

establishes a compact ad smooth surface. The mean 

time of the thermoforming, measured for the 65 pan-

els, is 120 seconds per panel. 

 

 
 

    
Fig.4. Thermoforming of the carved geometries. 

 

• Casting: the 65 manufacture molds ha e  een 

casted by utilizing biodynamic concrete and after a 

24 hours of maturation period the panels have been 

de-molded and installed on an exposition wall. Fur-

thermore, it has been experimented the possibility to 

achieve two different surface finishing: GLOSSY, 

casting concrete directly on PVC, and MATTE, inter-

posing a paraffin layer between XPS and PVC. 

Eventually, the molds can be recycled. 

 

 
 

Fig.5. From top-left: Panels casting with biodynamic 

concrete; Resulting concrete panels; Overview of differ-

ent panels geometries; Assembly of panels into final 

installation. 

 

The analysis undertaken on the constructed panels 

has shown a high-level quality of finishing with conti-

nuity on the set of 65 panels and a trustworthy ad-

herence between the designed and the manufac-

tured shape. 

The case study has demonstrated the applicability 

and the effectiveness, it terms of quality, time and 

costs, of the proposed strategy. The maturity of the 

overall technical environment may allow the applica-

tion of this molding technique on large scale archi-

tectural projects. 

 

 
Fig.6. Casting and panel results over different geome-

tries. 

 

 

 
 

 
Fig.7. Large-scale mold design proposal – 1face casting 

(top); 2faces casting (bottom). 

 

Reconfigurable mold system  

for mass-customized panels 

A second production method has been developed, 

combining the thermoforming process with robotic 

pick-and- place operations, with the aim to create 

fully reconfigurable molds. 

A robotic arm has been equipped with a permanent 

electromagnet, allowing it to grip and place steel 

cylinders of 3 different heights over the molding 

plate. By developing a custom algorithm for the dis-
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cretization of bitmap images into 3-bands patterns, it 

has been possible to quickly generate different pat-

tern options. These patterns have then fed infor-

mation directly to the robot, which recomposed them 

by placing the cylinders in the exact location needed. 

Thermoforming allows then joining the different ele-

ments into one coherent elements, which can be 

used as a cladding itself, or again as mold for cast-

ing. After the thermoforming process, the cylinders 

can be easily removed and reused for the next pan-

el, offering a process where no waste is produced for 

the mold production. 

 

 
Fig.8. Large-scale mold 2faces casting for Palazzo Italia 

– Expo 2015 – by Stylcomp and Italcementi. 

 

 
Fig.9. Large-scale mold 1face casting for Palazzo Italia 

– Expo 2015 – by Stylcomp and Italcementi. 

 

Case Study: Free Pixel 

The Free Pixels case study aimed at exploring more 

in detail the possibilities offered by combining robot-

ically assembled reconfigurable molds with ther-

moforming processes. The aim was to exploit the 

potential of a system where molds can be produced 

with absolutely no waste material. 

The overall composition of the prototype is com-

posed by the distribution of sets of cylinders of three 

different heights (15 - 30 - 45mm), ordered along a 

hexagonal grid to describe a regular circle packing. 

The variation of the heights of the cylinders allows 

describing patterns with different light and shadowing 

contrasts, which can be driven by either a grey-scale 

bitmap image, or by a scalar field. 

 

 
Fig.10. Robotic pick-and-place set-up and algorithmical-

ly programmed wall. 

 

      
Fig.11. Grey-scale bitmap image (left); centroids of 

cylinders of three different heights (right) corresponding 

to a grey-scale bitmap image and ordered along a hexa 

grid. 

 

After several tests, the final mock-up pattern has 

been defined by tracing equipotential areas across a 

scalar field determined by a set of random charges. 

The selected pattern of cylinders has been then 

subdivided in square panels of 50cm, the maximum 

radius reachable by the selected fabrication robot 

(ABB-IRB1200-7, 7Kg payload, 700mm arm) in sus-

pended configuration, as well as by the working 

volume of the thermoforming machine.  

For each panel, information about the exact location 

and height of each cylinder has been fed to the ro-

bot, computing a pick-and-place toolpath from the 

feeding tray (divided in three tracks, one for each 

height) to the placement tray.  

Resulting aggregations of cylinders on the tray have 

then been inserted in the thermoforming machine 

and a plastic sheet has been molded on top (Fig. 

13). 

In order to prevent deformations and artifacts on the 

surface, the pattern has been optimized by avoiding 

any sharp transition between different heights of the 
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panels. This has been also supported by simulations 

performed with the Kangaroo physics process, allow-

ing for quick iterations between different pattern 

possibilities. Once the thermoforming process was 

completed, the individual cylinders have been re-

moved from the mold and placed back in the feeding 

tray, reducing the total waste of the process to zero. 

The resulting formed panel could then be used as a 

cladding in itself, or become itself a mold for con-

crete casting. 

 

 
Fig.12. Robotic pick-and-place of reconfigurable mold 

elements: images of the process. 

 

 

   
Fig.13. Details of the composed mold (left) and of the 

resulting molded plastic sheet (right). 

 

 
 

 
Fig.14. Setup for concrete casting over the generated 

molds (top); Final composition (bottom). 

Overall, the process offered a quick and efficient way 

to generate a variety of mold geometries by simply 

assembling basic shapes in precise patterns through 

the help of the robotic arm. Further explorations of 

the method are possible by testing the usage of 

different geometries for the basic elements, as well 

as the application of the elements on curved surfac-

es, creating a patterning of different single and dou-

ble-curved surfaces. 

 

INTEGRATIVE DESIGN TOOL 

The production of cost-effective molds for custom-

ized architectural elements with continuous variation 

requires a shift away from the materials convention-

ally used in the production of molds for thermoform-

ing applications. Materials such as extruded and 

expanded polystyrene allow the manufacturing of 

molds with speed and cost- effectiveness much 

higher that aluminum or polyurethane. However, 

these materials result in molds with a much lower 

resistance to stress and deformation. This is particu-

larly relevant in the case of extruded polystyrene 

molds, where the low tolerance of heat of the mate-

rial results in a deformation of the mold, which is 

accentuated on sharp edges of molded geometries. 

Although these deformations are in most cases 

small, and become relevant just in case of geome-

tries with highly accentuated changes in orientation 

of the faces, it appears nevertheless necessary to 

develop a method for the prediction of such defor-

mation. In particular, the aim is to develop a method 

directly embedded in the design process, allowing 

for continuous feedback between geometry and 

fabrication constrains. 

In order to achieve this, a set of custom routines has 

been developed within the Grasshopper algorithmic 

modeling environment, taking particular advantage 

of the physics simulation engine Kangaroo. The 

method is articulated in several steps, which mirror 

the steps involved in the physical process of ther-

moforming: 

 

• Initially, the material sheet and the mold geome-

try are approximated as uniform triangular 

meshes, with a custom resolution adapted to 

the level of detail of the mold. In this process, 

all the edges of the mold geometries are em-

bedded in the sheet edges, in order to allow 

adaptation between the two geometries in the 

following steps. Subsequently, the sheet mesh 

is converted in a spring network to be de-

formed. 

• In order to simulate the first sheet deformation 

due to the lifting of the mold, the vertices of the 

sheet mesh corresponding to the highest points 

of the mold are translated at the exact height of 

the mold vertices. This determines a first de-
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formation of the material, which follows the 

mold without tightly adapting to it. 

• Subsequently, in order to simulate the vacuum 

forming process, a mesh constrain behavior is 

applied to the sheet mesh, pulling it towards the 

mold geometry and achieving a first adaptation 

to the mold itself. Here, it appears possible to 

visualize adaptation problems of the sheet to 

the geometry, in particular in case of deep holes 

where the sheet would not be able to be pulled 

by the vacuum. 

• Ultimately, in order to assess mold deformation 

under the heat and pressure of the sheet, a 

weighted Laplacian smoothing is applied to the 

sheet mesh, with a weight on each vertex pro-

portional to the length of the springs connected 

to it. This allows assessing the areas of the 

sheet under higher stress, and proportionally 

deforming them. Variation in the weighting of 

the smoothing applied allows simulating the be-

havior under stress of different mold materials 

(e.g. XPS, Steel). 

 

 

 

  

 
Fig.15. Simulation steps for a steel reconfigurable mold. 

From top-left: mold geometry, mold lifting through vacu-

um forming, surface normal, surface distances from 

mold. 

 

 
 

 
Fig.16. Photos of a steel reconfigurable mold, ther-

moformed with a PVC sheet. 

   

   
Fig.17. Design of rulings for XPS mold hot-wire cutting. 

From top-left: mold geometry, mold lifting through vacu-

um forming, surface normal, surface distances from 

mold. 

 

   

 
Fig.18. Photos of a XPS mold (top), thermoformed with 

a PVC sheet (bottom). Top view. 
 

The analysis of the resulting deformed mesh offers 

relevant information for predicting the forming behav-

ior, such as orientation angle of the surfaces, allow-

ing for the identification of undercuts in the geometry, 

distance of the sheet from the mold geometry, identi-

fying areas with difficulties in adaptation to the mold 

itself, and the deformation of the geometry after 

smoothing, identifying sharp edges which are round-

ed by the pressure of the heated plastic sheet. 
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Fig.19. Photos of a XPS mold (top), thermoformed with 

a PVC sheet (bottom). Front view. 

 

 

CONCLUSION AND FUTURE DEVELOPMENTS 

The proposed methods demonstrate the possibility 

of manufacturing mass-customized building compo-

nents considering practical, functional and cost-

effective factors. 

The results show that the proposed molding tech-

niques can produce high-detailed and complex archi-

tectural components. Specifically, the casted shape 

is adherent with the designed one, the surface finish-

ing quality is accurate and performs well for casting 

with both conventional concrete and advanced bio-

dynamic cement. From a manufacturing standpoint 

the methods developed have proved themselves to 

be highly competitive, and both molding methods 

results in terms of time, cost and quality demonstrat-

ed that such strategies are able to effectively man-

age a mass-customized production chain. 

Ultimately, the results show the maturity of the in-

struments and the existence of efficiencies required 

for the development of innovative paradigms in the 

construction field that allow a renewed expression of 

shapes, materials, performances and processes, the 

essence of the architectures. 

Future developments of this research project include 

a wider design freedom, achievable through the use 

of custom hot-tools, such as how-awls or hot-hook. 

Eventually, tools made of memory-shape alloys may 

be designed in order to widen the spectrum of geo-

metrical possibility. Moreover, through a dynamic 

real-time wire tension regulation device it could be 

achieved a more advanced control over the cutting 

process, avoiding overheating or undesired defor-

mations. 

Another branch of research will be related to ther-

moforming techniques. The authors are willing to 

include structural frames within the thermoforming 

process in order to optimize the structural perfor-

mances of the casted elements. 
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The phenomenon of informal settlements interests many areas of the world and is constantly expanding

1
. These areas 

are often distinguished by the lack of regulation, cheap construction materials and poor living conditions. Nonetheless, 
they are as well characterized by a strong general sense of community and a quite advanced organization that the com-
munity itself generates and adapts continuously to the current need. The A²L-Mobilius project

2
 aims to improve the quali-

ty of life of informal settlements of Egypt, by integrating technology to a system that would fit the existing situation at 
most. In order to achieve this intent, a methodology based on Requirements Engineering has been developed, in order to 
be translated in a system as end-user-oriented as possible, with the final aim of being more easily accepted. Therefore, a 
comprehensive study of the existing situation and stakeholder expectations has been used as the starting point. Fitting 
requirements, the system is meant to follow, were subsequently deducted from it. The requirements were then prioritized 
and the most relevant translated into functions and specifications for the project A²L-Mobilius.  
 

Keywords: Requirements Engineering, Decentralized Processing Units, Affordable and Adaptable Building System. 

 

INTRODUCTION: SYSTEM VISION 
The A²L-Mobilius project's goal is to insert a pleasant 

living and working environment into the existing and 

individual living environment by an intelligent, modu-

lar building system, which is able to evolve and 

transform over time. In this project, a cell-like unit is 

developed, in which all the main technical units of a 

residential building are concentrated. The unit is 

meant therefore to work as a “nucleus” of the resi-

dential building.  The space cell-like unit, called DPU 

(Decentralized Processing Unit), includes three main 

subsystems (one for energy production, one for mo-

bility, one for Life-Work Balance: Mini-production unit 

or mini office for home). The DPU-nucleus with its 

subsystems will be integrated into a building kit, 

called A²BS (Affordable Adaptable Building System). 

The building kit will be designed so that it is compati-

ble with the investigated site residential structures 

and in particular informal housing settlements. The 

building system will be able to grow or evolve over 

several generations within an existing informal set-

tlement so that it gradually replaces the old unstruc-

tured environment by a more formal environment 

that provides better tools, technologies and living 

conditions for the residents. The building kit with the 

DPU nucleus are to be embedded in an existing site 

that currently no longer meets the needs of resi-

dents. This paper shows the methodology used to 

determine the functions and specifications of both 

the DPU and A²BS, and discusses the results 

achieved. 

 

 

 
Fig. 1. Situation-as-is and situation-to-be 
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BACKGROUND: CURRENT SITUATION IN EGYPT 

The Great Cairo Region (GCR) hosts a great infor-

mal area, that accommodates two thirds of the over-

all inhabitants of the region at the moment, and the 

phenomenon is expected to expand. Recent urban 

developments in Egypt in general did not consider 

the inhabitants’ needs, and consequently did not 

help to improve the already critical situation. The 

government tried to contain the spreading of informal 

housing by denying the provision of basic needs to 

informal complexes, such as water and electricity,  

worsening the situation and increasing the tension 

with local inhabitants
1
. A solution that would address 

the problem to its core relies into taking into consid-

eration the following aspects: 

(1) Socio-economic issues derived from the current 

and expected demographic change. These issues 

call for a more flexible system directly involving the 

local inhabitants in the design process, rather than 

newly top-down built blocks.  

(2) Increasing unemployment rate, which promotes 

the expansion of the informal market. If it is true that 

the latter provides job opportunities, its lack of regu-

lation often translates in unsustainable working and 

worsening of the living condition in the settlement.  

(3) Poor indoor and outdoor mobility. Similar to the 

job market case, the inadequacy of the public trans-

portation system left room for the development of an 

informal one. Other problems concern the high traffic 

congestion and frequent accidents. Due to the ab-

sence of barrier-free architecture, the needs of eld-

erly people and those with impaired mobility have 

been as well overlooked
1
.  

 

HYPOTHESIS: ENGINEERING INFORMAL SETTLEMENTS 
Informal settlements represent one of the most 

spread phenomena of spontaneous architecture in 

the world. In order to invert the tendency of informal 

construction, top-down systems, even the best ones, 

could not stop the spreading of informal settlements, 

and often, brought results opposite to the ones to be 

achieved. This happens mainly because these sys-

tems tend to overlook the needs of the future ten-

ants, focusing mainly on urban issues. Between the 

different strategies, two in particular have demon-

strated flaws during the past years: urban redevel-

opment and legal recognition. The latter involves the 

amnesty of already built informal construction, usual-

ly together with a monetary exchange. However, 

even though this solution can control the phenome-

non for a short time, it may worsen the situation, 

since the accepted buildings have usually several 

flaws, and the legality becomes dubious. Urban re-

development consists in a firm response to informali-

ty, usually through demolition and sanctions. Novel 

structures are built to replace the faulty ones, with 

little consideration to the existing communities. As a 

result, this solution has proven to be, again, tempo-

rary. On the contrary, in the past a more proactive 

participation of the existing community to the design 

process ensured solutions more reliable and able to 

adapt to future challenges
3, 4
, demonstrating how 

effective their feedback is in the long run. The meth-

odology here proposed is based on requirements 

engineering
5
, usually employed for product and soft-

ware development. This field has been explored for 

the high weight it gives to the final customer input, 

and would therefore provide a more fitting result for 

the A²L-Mobilius project’s aim. The tools retrieved 

from requirements engineering have been thus 

transferred to the construction field. Given this, the 

goal of this research would be to provide a flexible 

methodology to engineer informal settlements, using 

the end users’ feedback as a starting point and con-

tinuous verification tool. The final aim of this method 

will be to achieve a holistic rational system, to be 

easily adjusted and mass-produced, depending on 

the actual environmental and societal needs.  

 

PROPOSED METHODOLOGY 

Given the importance of flexibility of the final system, 

the methodology has been divided into sub-steps, 

exploring different aspects of the project. The differ-

ent steps developed will be explained in detail in the 

following sections. 

 

General approach 

The general structure of the project follows the 

broadly recognized V-Model scheme. The V-Model, 

initially developed for Software Engineering
6
, struc-

tures project elements (which space from abstract 

phases to concrete operations) in an overall devel-

opment method. Each element is strictly connected 

with the previous and the following one, thus repre-

senting either a result or a motive (or both) in the 

development process. The vertical axis of the V-

Model represents a decomposition of the project, 

from modules up to the full system, whereas the 

horizontal axis represents time. The central part is 

the core of the system, representing the turning point 

of the development process, shifting from the plan-

ning stage to the practical one, and therefore is usu-

ally called the “prototype” stage. The two wings of 

the V-Model contain the project phases or activities 

and they are directly correlated. The right part is 

used for verification/validation of the left one, through 

continuous investigation after the concretization of 

the system
7
. A schematic representation of the dif-

ferent phases of the research project, following the 

V-Model, has been made for better project organiza-

tion, and it is shown in Fig. 2. The system has been 

divided in three categories (system, sub-system and 

module). The activities of the left part of the V are 

meant as preparation for the design stage. The so-

cio-technical analysis, the stakeholder analysis, and 
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the requirement specification are the three main 

steps required in order for the design to be as accu-

rate and tailored to final users as possible. The core 

part represents the design stage. The design is 

meant to evolve from a modular stage (units) up to 

the full system by integrating parts and developing a 

fitting overall system-architecture. 

 

 
Fig. 2. V-Model of the A2L-Mobilius project 

 

 
Stakeholder analysis 

Following a first environmental analysis of the exist-

ing situation, a first stakeholder list has been com-

piled and periodically revised
8
. Subsequently, stake-

holders were divided into four categories
9
: (1) Future 

tenants living in informal settlements, (2) Develop-

ers/contractors, who translate requirements into 

assets, (3) Suppliers, who provide the necessary 

resources to the first and second categories of 

stakeholders, (4) Stakeholders populating the envi-

ronment (such as authorities or inhabitants of the 

project area). The second phase of the stakeholder 

analysis aimed to sort the list entries meaningfully. 

Therefore, firstly the role of each stakeholder in rela-

tion to the project was identified. Roles were consid-

ered either active or passive. For instance, develop-

ers will always assume an active role, whereas in-

habitants of the nearby area are expected to act 

passively. Another important step was to give a prior-

ity index to each entry. That is, in order to identify 

which subjects need particular attention, and, on the 

other hand, who will be less affected by the project. 

Since a stakeholder can take position either for or 

against the whole project or a specific part of it, op-

positions of stakeholders with high priority have to be 

thoughtfully considered. Given this, priority was 

based on a numerically countable scale, in order to 

have a way to compare different entries. Priority 

been given considering three factors: (1) how much 

the stakeholder may influence the project, (2) how 

big is the impact of the project on the stakeholder (3) 

how big is the interest of the stakeholder in the pro-

ject, and it is a number on a scale from one to five, 

with five representing the highest importance. Finally, 

possible correlations between stakeholders were 

considered. The Actors Map
10
 (Fig. 3) is a visual 

representation of the relationship between stake-

holders. Each stakeholder is represented by a 

square, whose label refers to the identification num-

ber. Stakeholders are in relation with other stake-

holders (square to square), groups (square to el-

lipse) or main categories (square to circle). Key 

stakeholders, derived from the prioritization phase, 

are highlighted in red. Generally, the dimension of 

the “icon” representing each stakeholder changes 

basing on their priority (spacing from the biggest, 

representing priority 5, to the smallest, priority 1). 

The category that has most influence on the others 

is the “Environment”, and therefore it has been 

placed in the middle of the map, having power both 

on tenants (in means of social obligations) and on 

developers, contractors and suppliers (by regulating 

their activities). 

 

 
Fig. 3. Actors Map 

 

Requirements analysis and prioritization 

Each project use case is an amount of functionality 

needed by the product to give the correct response 

to the stakeholders’ needs. The essence of the sys-

tem is the underlying reason for having the product 

or accomplishing the project
5
. As the understanding 

of the essence of the project evolves and matures, 
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the chosen stakeholders work alongside of the ana-

lysts and determine the requirements that will fit the 

project context. Once this stage is complete, the 

findings will be used to determine detailed functions 

and to draft the final design.  

 

Functional requirements 

Functional Requirements specify what the product 

must do and describe what the project has to do to 

support stakeholders’ wishes. They are usually quan-

tifiable and aim to a specific goal, which can be a 

particular behaviour or an output of the system. The 

domain of functional requirements is the scope of the 

work, the project area or domain under study. There-

fore, four main categories were established, follow-

ing the scope of the project: 

(1) Energy: is aimed at the design of the Energy 

DPU-subsystem. Concerns requirements related to 

water, electricity, gas consumption, provision, collec-

tion, storage; power generation; pollution of air, wa-

ter and environment; eventuality of roof gardening or 

vertical farming. 

(2) Mobility: is oriented at the design of the Mobility 

DPU-subsystem. It has subcategories in internal and 

external mobility. It spaces from enhancement of the 

senior mobility and elimination of barrier, to street 

maintenance and road safety. 

(3) Life-work patterns: is aimed at the Working DPU-

subsystem. It concerns overall working and commut-

ing issues. 

(4) Construction: is oriented at the development of 

the A²BS. Its goal is the solution of the main con-

struction issues from different points of view, such as 

sustainability, efficiency, safety, re-configurability, 

rationality. Comprehends as well the requirements 

related to the increase of the “formality level” of con-

struction. 

 

Non-functional requirements 

Non Functional Requirements express the quality of 

the project and therefore are not always countable or 

easy to assess. They put constraints on functional 

requirements and help to concretely define and tailor 

them to the end-user need. NFR could be derived 

from the following aspects: 

(1) Look and feel requirements: concern the in-

tended final appearance. For instance, the structural 

element of the proposed system can be summarized 

as wooden frame, light steel frame, precast concrete 

frame or volumetric modular systems. The design 

needs to be durable, flexible, adaptable and afford-

able. The appearance of the design should not over-

impact the surrounding buildings. The proposed 

building should respect the existing architectural 

characteristics of the local design. 

(2) Usability and humanity requirements: what the 

product has to be if it was to be successfully used by 

its intended audience. This has to be identified 

through detailed design stage and by conducting use 

case scenario on the chosen stakeholders. 

(3) Performance requirements: involve how fast, big, 

accurate, safe, reliable, robust, scalable, and long 

lasting the product should be and what capacity the 

product should have. For example, to install a decen-

tralized power generation system, the design team 

has to take into consideration the connection of the 

joints of the system with the existing structure, the 

cost of running of such a system, and if it would be 

easy to train local technicians to maintain or repair it. 

(4) Operational and environmental requirements: 

deal with the product intended operating environ-

ment. Thus it is important to assure that the local 

environment does neither negatively affect nor nega-

tively be affected by the project, both interiorly and 

exteriorly. 

(5) Maintainability and support requirements: how 

changeable the product must be and what kind of 

support is needed. This aspect needs to be consid-

ered during the design stage. There are various 

design method can be utilised to solve the issue, 

such as platform design strategy and open building 

design strategy
11
. 

(6) Security requirements: assure the security, confi-

dentiality, and integrity of the product
5
. They are 

usually the most controversial. For instance, it could 

be advantageous to install CCTV cameras and other 

type of surveillance technology to increase the secu-

rity level of the area. However, it is not always possi-

ble, since the system cannot breach of personal 

privacy of the residents. 

(7) Cultural requirements: represent the human and 

sociological factors of the people that will finally use 

the product. The product should integrate as much 

as possible in the existing settlements, in order to be 

easily accepted by their inhabitants. 

(8) Legal requirements: concern the conformance to 

laws and standards. A crucial point of the project is to 

formalise (or at least, increase the level of formalisa-

tion of) the informal settlement construction. There-

fore, the project should be conformed to the Egyp-

tian building code. 

 

Prioritization of requirements 

There are many different ways to prioritize functional 

requirements. Ebert
8
, for instance, proposes to 

evaluate requirements depending on two main fac-

tors: effort and risk (regarding the development of 

the function). Therefore, higher priority is given to 

features whose development does not involve too 

much money or effort, and whose failure risk is con-

sequently very low. Another famous example is the 

Value-Cost prioritization
12
. This method in particular 

has been used throughout the project with the aim of 

selecting the most important features to embed in 

both the DPU and A²BS in the later stage. The 

method is based on the “Analytic Hierarchy Process” 
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(AHP)
13
. AHP involves the building of two compari-

son matrices, one concerning the cost and the other 

the value of singular requirements. Subsequently, 

the eigenvalues of each matrix are computed and 

printed in a graph. The numbers derived, in a per-

cent form, represent the weight of each requirement 

on the overall cost and value of the project. The 

result is a Cost-Value diagram, which renders the 

priority of each requirement. As mentioned, higher 

priority is given to requirements characterized by 

low-cost and high-value (Fig. 4). 

 
Fig. 4. Cost-Value diagram 

 

Extrapolation of functions and specifications  

After prioritizing requirements, the next step consist-

ed in extrapolating one or more functions from each 

of those with the highest priority and discarding the 

others. In order to have a more reliable result, three 

variants of the environment were studied and simu-

lated. Using the same method as above, three differ-

ent requirement outcomes were given. Requirements 

with high value in all three scenarios were translated 

into core functions. Given that the final system is 

intended to be modular, core functions are consid-

ered as fixed modules to be embedded in the basic 

structure of the DPU. All the other requirements not 

discarded (i.e. relevant in at least one of the variants) 

have been on the contrary considered as modules to 

be eventually added to the core structure at need, 

but not essential. Basing on the requirement type, 

they are divided into (1) external functions, (2) par-

tially external functions, (3) combinable functions 

and (4) services. The core of each subsystem has to 

be intended as part of the DPU nucleus. Therefore, 

eternal and partially external are intended respec-

tively as part of the building and part both of the 

building and the nucleus. After defining functions, 

specifications schemes were developed. Technolo-

gies suitable for specific functions were listed with 

the identification letter “T” and added to each 

scheme. The following sections explore the outcome 

for each DPU-subsystem in detail.  

Energy DPU-subsystem 

The Energy DPU-subsystem should provide a relia-

ble system that would respond to the needs of the 

community related to collection, provision, wise use 

and eventual production of different kind of primary 

resources such as electricity, gas and water. There-

fore, functions have been sub-divided into five cate-

gories: (1) water, (2) recycle, (3) energy, (4) power 

generation, (5) pollution. Water storage, energy stor-

age and recycling have the highest priority and were 

therefore treated as core elements. Other features 

with high priority but different application, such as 

provision, collection and farming are intended to be 

part of the building itself, rather than of the DPU, and 

were therefore treated as modules. In particular, 

provision falls under the service category.  

 

 
Fig. 5. Energy sub-system: specification scheme 

 

Mobility DPU-subsystem 

The mobility DPU-subsystem aims to improve the (1) 

external and internal mobility of the future inhabitants 

of the settlement. In order to have a clear system-

architecture, internal mobility has been furtherly 

divided in (2) vertical and (3) horizontal. Moreover, 

this subsystem should consider as well the mobility 

of goods. The external category covers various fea-
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tures, from street security to transportation. Given 

this, the Mobility DPU-subsystem, unlike Energy, 

should not be considered as a nucleus, but rather as 

a sum of unit parts collaborating as a whole.  

 
Fig. 6. Mobility sub-system: specification scheme 

 

Home fabrication DPU-subsystem 

The Home fabrication DPU-subsystem should be 

considered not as a singular module, but as a part of 

a greater interconnected system aiming to give an 

alternative and more sustainable work method, and 

therefore to provide a higher number of workplace to 

decrease the unemployment rate. It must assure as 

well a better, healthier, safer working condition. The 

workspaces developed are to be embedded in larger 

Cloud Manufacturing systems that will allow compa-

nies to utilize a highly skilled workforce (including 

highly experienced elderly) by teleworking, thus 

avoiding traffic congestions.  

 

 
Fig. 7.Life-Work patterns sub-system: specification 

scheme 

 

CONCLUSION AND FUTURE WORK 

In this paper, a methodology used to achieve a holis-

tic system to formalize informal settlements has been 

developed. Since the final system’s aim is to respond 

concretely to the existing issues both of the envi-

ronment and the end users, the starting point has 

been set in a comprehensive environmental analysis 

performed by GUC, combined with a stakeholder 

analysis. The issues highlighted from these two 

sources, thoughtfully categorized and prioritized, 

were subsequently translated into requirements, 

which were then explored and sub-divided into con-

crete system functions. The final goal was set into 

create a set of three specification schemes of the 

three intended DPU subsystems, to be translated 

into a modular design system in the next phase of 

the project.  

The system has been proven effective into the pre-

liminary design stage, since it was able to give a 

rational structure to the creative process. Neverthe-

less, it still needs further stakeholder validation. In a 

future development, requirements, functions and the 

preliminary design will need to be verified by the end 

users and other parts involved, by means of ques-

tionnaires and interviews, as planned from the initial 

phase of the project. The feedback derived will not 

only prove the real effectiveness of the method, but 

also be a valuable base for further prioritization and 

research.  
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The paper discusses a possible system for the restoration and improvement of old buildings in dense area. These build-
ings were often not designed to answer the criteria and needs of nowadays, but represents a vast majority of the build-
ings found in the cities. The work focuses on the restoration of the façade of an existing post-war building with an ap-
proach bringing forward a robotic crane, equipped with an adaptable and multitask end effector, to install a designed 
panel system. The article will discuss these solutions from the creation to the logistic. This student work was realized in a 
project course given by the Chair of Building Realization and Robotics of the Technische Universität München (TUM) in 
2016. 
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1. INTRODUCTION 
In the new era of building sustainability and efficien-

cy we are living in, the requirements on performance 

and environmental impact of new constructions keep 

getting higher and higher, but what happens to the 

buildings of the past era. These buildings that were 

not designed to answer today’s needs, but represent 

the vast majority of the existing. A good part of them 

can be found in central area with difficult working 

environment criteria as working on different existing 

structures and in narrow spaces with high circulation 

needs during construction, which demand a fast 

installation. This makes the restoration of buildings in 

central areas one of the upcoming challenges of our 

time, where systems allowing a fast and flexible 

installation, as well as minimizing the working space 

needed on site, have to be developed. In that matter, 

robotic presents an interesting course of action 

through its potential for multitasking and accelerated 

work speed. 

This paper shall present an overview of a project 

made for the course Special Aspect of Building 

Technology and Management, given by the Chair for 

Building Realization and Robotics of the TUM with 

lecturers Professor Dr.-Ing/Univ.Tokio Thomas Bock 

and M.Eng. Kepa Iturralde, starting by the project 

itself, followed by the means developed to fulfill the 

requirements of the project and finally, the logistic of 

the solution. 

2. THE PROJECT 

The project focuses on the façade of an existing 

building (Fig.1) and consists in the restoration and 

improvement of the existing to comply with the 

needs of nowadays. The goal was to have a more 

energy efficient building and to use robotics to de-

velop an efficient and flexible way of doing the work 

that could be reused for future projects in similar 

context. 

 

 
Fig.1. Front Elevation of the Existing Building (west 

oriented) 

 
Fig.2. Context View of the Project (the existing building 

is in the center of the picture) 

mailto:karl.greschner.1@ulaval.ca
mailto:kepa.iturralde@br2.ar.tum.de
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2.1 Context 

The building that was chosen for the project is locat-

ed in the neighborhood of Maxvorstadt (Fig.2), which 

is part of the central area of Munich. The building 

(Fig.3) itself dates back to the post-war era; it was 

constructed in the 1950s and has not sustained 

many changes since its construction. Therefore, the 

building was in need of maintenance and improve-

ments, which made it a perfect fit for the task at 

hand.  

 
Fig.3. Existing Building in Munich, Germany 

 

The apartment building is constructed out of mason-

ry and is six storeys high (attic included). The street 

in front of the building is a one-way street with park-

ing places on both sides of it. 

2.2 Design Approach 

The design approach was based on the axiomatic 

design
1
 concept (Fig.4), which is composed of four 

parts. The first part consists in understanding the 

customers’ needs, which was for the project to eval-

uate the needs of the building and the future con-

struction site. Those needs were to have a more 

energy efficient building and an efficient installation 

for the targeted market of central areas. 

The second step was to define the parameters that 

had to be solved to satisfy these needs. For the 

sustainability aspect, it was to have a new finishing 

material for the façade to replace the old one, to 

have more efficient windows (the existing being old 

wooden windows) and to add insulation to the build-

ing that is suspected to have none. For the construc-

tion, the objective was to have a fast and flexible 

installation and at the same time, a secure working 

site. 

The third aspect consisted in creating and selecting 

solutions for these requirements and the final one in 

optimizing these solutions. After a brainstorming and 

research, the preferred ones were the use of a panel 

system to have an all in one approach for the re-

quirements of the new façade and the use of an 

industrial crane with a project designed end effector 

to facilitate the installation and to minimize the work-

ing space needed on site. These solutions will be 

further described in the following pages. 

3. THE MEANS 

The means, which are the solutions to the require-

ments of the project, are divided in three elements. 

There is the panel system, the industrial crane and 

the end effector, which is the most important element 

of the project being the bridging element between 

the crane and the panel system.  

3.1 Panel System 

The panel system was conceived to be easy to in-

stall with the use of a slot system, so that the panels 

can just encase in one another at the vertical junc-

tion points. This repetitive approach from the installa-

tion facilitates the use of a robotic device. The panels 

themselves are prefabricated off site in different 

sizes, according to a predetermine layout adapted to 

the building dimensions. The panel’s layout is com-

posed of a grid of 5 rows per 7 columns (exclude the 

 
Fig.4. Axiomatic Design Table – Final  
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ground floor) and is made to favor panels of the 

same dimension to simplify the manufacturing pro-

cess (Fig.5). 

 

 
Fig.5. Front Elevation – Layout of the panels (the pan-

els on the ground floor level are manually installed due 

to the restriction of the crane use in lower heights – see 

step 2 - logistic of the project p. 6) 

 

The panels are conceived to be efficient, durable and 

as light as possible to minimize the loads on the 

existing structure. They are composed of exterior 

wood cladding, extruded polystyrene insulation and 

a metallic support structure (Fig.7). The different 

layers are glued together with a highly resistant glue 

to minimize the thermal bridges. The choice of a 

wood cladding was made in a sustainable perspec-

tive to have a renewable and environmentally friend-

ly material. As for the selection of the insulation ma-

terial, it was in accordance with the efficiency re-

quirement and the special conditions of being posi-

tioned on the exterior side of the wall. 

 

 
 

 
Fig.6. Details of the Panel's Joints and Attach Points 

 

The panels will be fixed on the existing wall with a 

concrete nailing gun (Fig.6). The tool is more robot 

oriented, being an automated tool with a simple fixa-

tion movement and with a great pin coil or magazine 

capacity. 

The attach points are only needed on the top section 

of the panel, the bottom being clipped on the top 

section (which is already nailed) of the lower panel 

(Fig.6). This allows to reduce the nailing area need-

ed on a panel without compromising the solidity of 

the installation. The attach points are designed to 

have a spacing of 3” between the fasteners and the 

edges of the concrete wall in order to avoid possible 

cracks in the concrete during the installation. The 

joining system of the panels is equipped with a mag-

	
 

Fig.7. Panels Composition 

 



55 
 

netic stripe to guarantee the stability of the connec-

tion between the panels. In a robot oriented design 

approach, the magnetic stripe and the V-shape of 

the attach points facilitate the installation. 

There are two types of panels: the regular panel and 

the window frame panel. The regular panel is the 

common one found on the façade wall as for the 

window frame panel; it is made to be inserted in the 

window cavities to replace the old ones. Except for 

the fact that they are composed of a window, their 

lower and upper parts are made the same as the 

regular panel, so that they can have the same attach 

and joining system as well as offering a gripping 

surface for the end effector. 

3.2 Crane 

The idea of an industrial crane came from the 

compact size in which they can be found and the 

flexibility of movement that they can procure. It 

makes them a perfect fit for the project environment 

and tasks. They can work in narrow spaces, which 

are found in dense areas, efficiently with their good 

carry capacities and sufficient working range. 

After research, a Yardboss Industrial
2
 crane from 

Manitowoc was chosen (Fig.9). This compact tele-

scopic crane is mainly used for plant maintenance 

and material handling jobs, it is simple to operate 

and features a carry decks and multi-mode steering 

allowing operations in tight corners.  

 
Fig.9. Yardboss Industrial Crane & Capacity Description 

The compact dimensions (Fig.8) of the crane allow it 

to fit in the parking section of the road, so that, with a 

secured working zone, the circulation on the road 

can still proceed. 

3.3 End Effector 

The end effector was conceived to be a multi-task 

and an adaptable device in order to facilitate the 

different requirements of the construction process. 

Therefore, it is meant to be able to work with differ-

ent panel dimensions in the variety of environments 

that can be found in central areas (Fig.10-11). 

 
Fig.10. Regular Panel with End Effector 

 
Fig.11. Window Frame Panel with End Effector 

	
 

Fig.8. Dimensions of the Yardboss Industrial Crane from Manitowoc 
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The end effector will be fixed at the end of the 

crane’s arm (Fig.12). It will be equipped with a bidi-

rectional movement system to allow flexibility for the 

installation of the panels. To allow the movement, the 

end-effector will be provided with two motors, one for 

the vertical rotation movement and one for the hori-

zontal one. The bidirectional movement system will 

be followed by a strong support metallic structure 

composed of two bars welded on a plate. These two 

horizontal bars will be equipped with a Gear box 

railing system
3
 to allow the horizontal movement of 

the vertical bars. The vertical bars will also have a 

gear box railing system to allow the vertical move-

ment of the grips and nailing gun. This double railing 

system will allow the end effector to adapt to the 

different panel sizes. On the four vertical gear boxes 

are fixed the vacuum grips to grab the panels and 

move them. On the top two gear boxes, there are 

two concrete nailing guns
4
 to fasten the panels to the 

existing wall. For the biggest panels, the four vacu-

um grips will be used, but for smaller panels, only the 

top two can be used. Finally, on the sides can be 

found a hydraulic stabilization system that can adapt 

to different surfaces and stabilize the end effector to 

allow a precise installation. The stabilizers also de-

fine the working space of the end effector, the panels 

being able to move within these extremities with the 

railing system. 

 
Fig.12. End Effector Designed for the Project  
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4. LOGISTIC OF THE PROJECT 

The logistic of the project installation can be grouped 

in six main steps, which consists of secondary tasks. 

  

Step 1 - Transport 

The construction work will start by the delivery of the 

crane, panels and security fences by truck. Then, 

they will be stored on site for the duration of the work 

(Fig.13). 

 
Fig.13. Step 1 of the logistic 

 

Step 2 – Installation of the Lower Panels 

The lower panels on the ground floor level will be 

manually installed due to the restriction of the 

crane’s use in lower heights spaces. First, the side-

walk on the work site will be closed and the security 

fences will be installed. These fences also define the 

moving zone of the crane to do the work. Then, the 

gutters and old windows on the ground floor will be 

removed to allow the installation of the new opening 

windows, that the frame will serve as a reference for 

the lower panel installation. Finally, the lower panels 

will be installed and at the end, a reference border 

will be fixed on top for the next step with the robotic 

crane (Fig.14). 

 
Fig.14. Step 2 of the logistic 

 

Step 3 – Preparation for the Upper Panels 

This step is the first using the robotic crane.  After 

the installation of a pedestrian protection to allow the 

circulation during the construction, the existing 

guardrails will be removed to be able to pull out the 

old windows on the upper floors with the robotic 

crane (Fig.15). 

 
Fig.15. Step 3 of the logistic 

 

Step 4 – Installation of the New Windows 

Step four consists mainly in the installation of the 

new prefabricated window frames panels, which will 

be used as a reference for the positioning of the 

regular panels. The windows will be installed from 

bottom to top and the movement of the crane will be 

in the secure zone (Fig.16). 

 
Fig.16. Step 4 of the logistic 

 

Step 5 – Installation of the Upper Panels 

The installation of the upper panels uses the same 

principle as for the windows, they will be installed 

from bottom to top and the crane will work in the 

secure space (Fig.17). 

 
Fig.17. Step 5 of the logistic 
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Step 6 – Last Steps 

After the installation of the last upper panels of simi-

lar sizes, the top panels will be installed (due to their 

smaller size a double vacuum grip would be suffi-

cient). Then, the top border to close the new façade 

will be manually installed. Finally, the work will be 

inspected to make sure that everything respects the 

standards, the protections will be removed and the 

crane will be retrieved by truck (Fig.18). 

 
Fig.18. Step 6 of the logistic 

 

5. Conclusion 

In conclusion, this student project (Fig.19), dealing 

with a post-war building in a dense area, presents an 

interesting approach to the problematic. The use of a 

panel system to facilitate the installation combine 

with an industrial crane offers a flexible and adaptive 

way of doing things. On the other hand, this ap-

proach also puts a lot of importance on the design of 

the end effector, which links the two elements to-

gether. Therefore, the end effector has to be well 

thought and develop to ensure the success of the 

project.  

 

 
Fig.19. Final Result 

 

Also, the logistic on the construction site represents 

an important aspect to ensure the right application of 

the process in reality. Therefore, the technical as-

pects as well as the economical and efficiency as-

pects should be well thought without omitting the 

security parameters. To push the work furthermore, it 

would be interesting to see if the project concept 

could be exported to bigger scale buildings or less 

dense areas. 
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Nowadays the integration between existent Computer Aided Design (CAD) and Building Information Modeling (BIM) 
software with robotic tools such as Robot Operating System (ROS) could represent the next step towards the correct 
design and application of automated construction processes in the Architectural Engineering and Civil Industry (AEC). 
The recent wide use of BIM improved significantly the quality and productivity in AEC field since it offers an always-
updated model of the building with a structured, precise and shared database made up of detailed information about 
every phase of its lifecycle. This facilitates the mass production of construction elements ad-hoc to be automatically in-
stalled in addition to reducing errors and omissions due to a fragmented management of information. However, BIM by 
itself is not sufficient to achieve neither the complete and correct representation of complex modern buildings nor the 
direct planning of automated construction processes both off and on-site. There is still the lack of a specific software 
which can be fulfilled by resorting to the knowledge of Robotics Industry. In this paper the potentialities offered by the 
integration of CAD,BIM and ROS were analyzed with respect to the automated production and installation of precast 
timber modules for the refurbishment of existing buildings and to the installation of robotic tools for the independent living 
of elderly. The path towards such an integration is long and hard, many aspects have to be defined,  since ROS was not 
conceived for AEC Industry but the potentialities in terms of money and time saving, of increased quality and productivity 
in addition to reducing damage risks are actually big. Thus, such an integration it's worth of further attention given that it 
allows to exploit an open source software with many available repositories and offers the opportunity of modeling every 
existing robotized system beyond to enable to test in various conditions with a realistic virtual environment thanks to the 
possibility of importing 3D models. In this way it is possible to find out both the best configuration and the most suitable 
robotic system to perform each required task. 

Keywords: BIM, Automation, Construction, ROS, Robotics, Building Technology 

INTRODUCTION 
Until now it was a quite far idea to figure out the 
automation of the processes that concern AEC in-
dustry due to its various and fragmented system of 
managing the information about the project. This was 
ascribable to the many figures involved lead to very 
different fields of technique, each one requiring a 
project distinct from the others and fulfilled with in-
compatible software. With the advent of BIM the 
conception of the project in its core part is dramati-
cally changed [1]. As a matter of fact designers have 
an always-updated model of the building containing 
all the necessary data concerning each step of its 
lifecycle and this is allowing to obtain exact infor-
mation about the actual building, systematically or-
ganized and effectively corresponding to the project 
in addition to sharing them between all the subjects 
involved in real time. Thanks to this significant im-
provement, waste of time and money caused by 
wrong design and modifications during the execution 
phase are significantly reduced in addition to an 
improved productivity. Thus we are getting close to 
the easy automation of the off-site and on-site con-
struction processes [2] [3] which require the exact 
location and dimension of all the elements, a me-
thodically organization of the prefabrication and con-
struction site over to the realization of accurate 
measurements.  
BIM provides all these information into one file so 
that it's easy to handle them to design the building as 

to be realized by automated processes. But this is 
not sufficient by itself since it's also essential the 
exact planning of the construction process with de-
tailed information about each required task as it is 
highlighted in previous studies [4]. Correa [5] under-
lines how BIM gave a big chance to automation in 
construction but also how it didn't provide direct op-
portunities for the use of robots in construction. In 
fact, BIM was conceived more for planning and 
managing phases than for automated construction 
processes. Hence there is a lack of a specific soft-
ware to directly plan the automation of construction 
processes and to represent the complexity of mod-
ern buildings. 
This lack can be filled by taking advantage of robot-
ics tools such as ROS [6] so that its integration with 
existent CAD and BIM software could be the next 
step for the correct design of automated construction 
processes and verso the concept of "Active Building" 
of whom necessity was pointed out by Pan et al. [7] 
given that modern buildings must be easy adaptable 
to any change that occurs during their life-cycle, not 
fixed entities as it was in the past. Precisely for this 
reason the present research aims to explore the 
actual potentialities offered by such an integration. 

Actual software limits 

Even thou BIM represented a big improvement for 

the AEC Industry by providing us a really accurate 

model of the building that  has made easier to han-
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dle all the information about the project, the now 

available BIM software are not able to give all the 

necessary information for the automation of the off 

and on-site construction processes. In fact they are 

not software conceived to directly plan automated 

construction processes and test robotic systems. 

Moreover the present BIM-based design workflow 

can't provide the dynamic design of the buildings as 

highlighted in previous studies [8]. It just offers a 

static representation of each aspect concerning the 

building which is a fixed “identity”, not changeable 

during its life-cycle (Figure 1). 

Figure 1. Graphical representation of actual BIM-based 
design workflow 

At the present time there are interesting software like 

Autodesk Inventor and its Factory Suite that can be 

used to design and planning the manufacturing of 

the elements obtaining  3D models of the factory with 

all its work stations beyond to the most suitable work 

flow for the production. On the other hand,  they 

cannot give a realistic simulation since they don't 

allow to program the robots or CNC machines or to 

dynamically test robot-assisted tasks.  

Hence in the panorama of the construction software 

is still missing one capable of easily simulating these 

features. Nonetheless, such software should be well 

useful for simulating the implementation of different 

kinds of sensors, robots, end-effectors, actuators in a 

interchangeable and flexible environment that allows 

to adapt the planned process to any kind of produc-

tion and building.  

ROBOTIC TOOLS INTEGRATION IN BIM-BASED WORK-

FLOW 

The exploitation of Robotic Industry software envi-

ronments such as ROS is not a news in AEC field 

since other researchers have took  advantage of this 

open source software in order to theorize the model-

ing and simulation of complex buildings [8] or to find 

out the best way to auto-mate installation of precast 

façades elements [9]. These previous studies 

showed the big potentialities of using software such 

as ROS in reducing time and costs for the planning 

of automated processes enabling to identify the best 

workflow and the more fitting robotic tools for each 

task as well to hypothesize a dynamic design of the 

building. This is allowed by the ability to simulate 

every change due to occurred new needs in occu-

pant's life without having to test nothing in reality. 

However these just cited studies were previous to 

the recent wide use of BIM-based design by techni-

cians from all over the world and they faced some 

issues such as having a structured and precise data 

base of information about the construction progress 

and updating it during its developing. Nowadays, 

thanks to BIM-based design, it would be easier to 

imagine the automation of construction processes 

and for this purpose it could be interesting take ad-

vantage of the potentialities given by BIM and ROS 

integration, exploiting the possibility to import de-

tailed and structured 3D models in a dynamic simula-

tion environment including all the necessary and 

updated information about the construction elements 

and process. 

Exploiting the big availability of open-source ROS 

plug-ins it would be possible to simulate the imple-

mentation of sensors, control systems, cameras, 

robots and to test the automation of different phases 

of the building life-cycle such as prefabrication tasks, 

planning construction processes simulated in a virtu-

al environment, implementation of control systems to 

monitoring the building that allow self-diagnose and 

opportune interventions, simulation of refurbishment 

interventions when new needs occurs and the plan-

ning of the deconstruction by testing different robots 

and systems. 

Figure 2. Schematic representation of new dynamic 
design approach with the integration between ROS, 

BIM and CAD 

As a result of the integration between ROS, BIM and 

Factory Design Suite it will be possible to obtain a 

dynamic design of the building that allows to plan the 

automation of various phases of its life cycle without 

any expense or damage to the equipment or to the 

building itself. It is also possible to simulate potential 

interventions having an idea of the necessary tasks 

and tools to evaluate the actual convenience and to 

find out the best solution among the many offered by 

the automation industry in terms of time, efficiency 

and money expense. In this way the designed build-

ing process has a significantly improved flexibility 

both in the planning and in the production phases 

(Figure 2). It will be possible to change and to test 

different scenarios, process workflows, robots, ma-

chinery, end-effectors, construction layouts and im-

mediately upgrading the BIM model with the infor-
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mation concerning the chosen solution. Another 

advantage could be that thanks to the information 

offered by BIM and simulation in ROS there is the 

possibility of obtaining a preliminary estimation about 

cost and time needed for each hypothesized auto-

mated process or intervention, in addition to the 

extrapolation of the best sequence to achieve them. 

ROS-BIM IN MASS PRODUCTION OF CONSTRUCTION 

ELEMENTS 
ROS and BIM can arise interest for the mass pro-
duction of precast elements, since from BIM all the 
information about the dimension, position, materials 
and costs of each part are available and all the tasks 
which are necessary for realization are known. 

Figure 3. Schematic representation of ROS role in 
 BIM-based design workflow for precast elements  

Through such tool, designers can easily know how 

many elements are required, their shape and dimen-

sion. These information can be used in ROS for the 

off-line programming of complex assembly tasks and 

this enables to generate instructions for the auto-

mated manufacturing and installing process (Figure 

3). Moreover, designers have the possibility to simu-

late the assembly tasks performed by different robots 

and end-effectors  in order to find out the best con-

figuration and they are able to implement control 

systems for the correct execution of the required 

tasks, checking the final results.  

Starting from the standardization of the manufactur-

ing of building elements, it would be possible to 

reach the final task of automated installation since it 

will be easier when the construction elements are 

designed and produced expressly to be installed by 

robots. Such a priori work might be not strictly nec-

essary, nonetheless it surely would make simpler the 

manipulation of materials by means of robots. 

ROS-BIM and the BERTIM project 

The objective of the BERTIM project [10] is to estab-

lish a new methodology for mass manufacturing 

process of timber modules addressed to the upgrade 

of existing buildings so that it can be adopted by 

different companies with different production lines by 

means of an integration of robotic, automation, tradi-

tional and new technologies. It consists of three sub-

systems [11], the first concerns the exact 2D-3D 

modules configuration with the acquisition of the 

building model by means of a Laser scanner. From 

this first step starts the design and planning in a BIM-

based environment of both off and on-site processes 

which gives the big advantage of having an always 

updated model of the building including exact and 

actual measurements also during the execution of 

the works. Thus the second subsystem concerns the 

manufacturing process with the implementation of 

some automated tasks, the third subsystem con-

cerns the installation process by means of robotic 

tools and  both of them will be tested by simulation 

with saving in terms of time and cost with respect to 

the traditional testing systems. In order to identify a 

general method the simulation environment has to 

be flexible and interchangeable, even the robots 

embedded for the automation of the process must be 

interchangeable and quickly re-adaptable with re-

spect to  the changes of the production line. 

Figure 4. ROS and BIM integration in BERTIM project 

This can be allowed by ROS. In fact, exporting the 

model of the factory, of the construction site and of 

the building in ROS, a company could test the real 

advantages (or disadvantages) of introducing auto-

mation in its factory without damage risks and any 

money effort, being also able to program and plan 

the ideal manufacturing and installation sequences 

(Figure 4).   

. 

BERTIM off-site process automation  

As assumed before, to allow the automated installa-

tion of any construction element it is required to de-

sign and fabricate it expressly with this intent. Thus, 

as a first step, it is important the accurate design of 

the connection elements and their exact placement 

on the modules. With regard to the connectors at the 

moment the first prototypes are being tested to iden-

tify the best solution, with regard to their installation 

the purpose is to find out an automated solution to 

increase companies' productivity and contemporarily 

improve quality of the process by making it quicker 

and more accurate. Relating to this last purpose, it 

might be interesting the use of an arm robot to pick 

and place the connectors on the panels by means of 

the factory 3D model designed in Autodesk Inventor 

and taking into account the characteristics of dimen-
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sion and position both of the panels and of the con-

nectors with respect to the existing structure. 

Interchangeable scenario 

In the BERTIM project the purpose is to find out a 

general methodology for mass manufacturing pro-

cess of timber modules which can be adopted by 

different companies with different plant, not just suit-

able for the three companies involved in the project 

but for any company who wants to automate its pro-

duction processes. ROS would be really efficient for 

this purpose, since it is possible to import in its simu-

lation environments (i.e. Rviz, Gazebo, VRep) the 3D 

model of the factory designed with software such as 

Autodesk Inventor (Figure 6) and set them as 

"World". This means that it might be obtained an 

interchangeable scenario and to test the same au-

tomated process in different companies just chang-

ing the 3D file of the "World". Hence, a company 

could visualize directly what would be the new asset 

and how to integrate some automated tasks in its 

production line without any effort of money but just 

by means of the simulation in ROS virtual "World" 

capable of reproducing reality. 

Figure 6. Example of 3D factory model in  Autodesk 
Inventor  (Image from http://www.tenlinks.com/) 

This opportunity enables to evaluate the feasibility of 

the upgrading in the assembly line by means of au-

tomated processes and its actual efficiency  without 

physic costs and saving a lot of time. It is just neces-

sary a 3D model of the factory which could be de-

signed with any CAD or BIM software and then im-

ported in Rviz [12] or Gazebo [13] in collada (.dae) 

or STereo Lithography (.stl) format. Once they will be 

defined, there will also be available the BIM models 

of the panels and of the connectors, thus it will be 

possible to bring them in ROS and testing some 

automated tasks with the actual construction ele-

ments such as the already mentioned process of 

connectors' pick and place by means of an arm ro-

bot. In a reasonably short time it would be possible 

to try the embedding of a robot in the production line 

of each of the three companies involved in the 

BERTIM project, looking for a system that fits for all 

of them but without testing in reality, thus saving time 

and money and preventing any damage.  

In future developments of this work the 3D model of 

each involved company will be supplied so as to 

obtain a simulation environment as realistic as pos-

sible. Design the 3D model of the factories involved 

in the project was beyond the scope of this paper 

which mainly deals with the evaluation of potentiali-

ties offered by the integration of robotics tools in 

BIM-based design environment and wanted to focus 

more about the actual feasibility of automated pro-

duction and installation processes thanks to such an 

integration. However, it must be said that having a 

CAD file of the factory plant makes the design of the 

3D model very quick and simple given that it's possi-

ble to import it in Inventor and obtain a base on 

which arrange various work locations. 

Evaluating the installation of an arm robot in the 

assembly line 

With respect to the objective of installing the con-

nectors on the panels by means of an automated 

process so that the production time decreases and 

the quality of the products increases, it has to be 

considered the exploitation of a robot such as the 

Kinova Jaco arm ( Figure 7) on the assembly line of 

the factories in the previous location with respect to 

the one where the windows are installed (Figure 8). 

Figure 7. Images from Kinova website  
with indicated joints and links used in the URDF file 

Within the available robot for the present study, Jaco 

was taken in consideration due to its high adaptabil-

ity so that it could be reused for various automated 

tasks in different assembly lines and due to the fact 

that there are many available repositories online.  

There are diverse available repositories for Jaco: the 

official Kinova package (i.e. Kinova SDK) which is 

useful just to move the real robot once it is connect-

ed to a terminal and it is not customizable and the 

ROS official package for Jaco [14] which has some 

issues in reflecting exactly the actual behavior of the 

real arm. Thus it was necessary a different approach 

that was found in the repository realized by a robotic 
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researcher [15] and represented a great starting 

point to create a customized package for the integra-

tion of Jaco arm on the assembly line of the three 

companies involved in BERTIM project and let the 

robot pick and place the connectors on the modules. 

Two planners are essentially required: one for the 

motion planning (i.e. Moveit! [16]) to reach the arm 

out to the position so that it can grasp the object and 

one for the grasp planning (i.e. Graspit! [17]) to 

grasp the object with the joint sate determined for 

grasping that particular object. 

Figure 8. POBI factory layout with red circled the 
hypothesized Kinova Jaco position 

 As a first try, Jaco was putted on a table and it was 

attempted to let him grasp a cube and place it in 

another position (Figure 9). In order to do this, many 

ROS nodes are required (Figure 10): one for the 

motion planning, one for the simulation in Gazebo, 

one to spawn the cube on the table and one to grasp 

and ungrasp it. 

Figure 9. Screenshot which shows the recognition of 
the cube 

At the present time all is under developing but in the 

future steps of this project it will be possible to sub-

stitute the table with a part of the assembly line de-

signed in Autodesk Factory Suite and inserted in the 

3D model of the factory for the realistic simulation of 

Jaco's tasks. Beyond this a camera sensor will be 

added to the robot, get the panel's and connector's 

models from BIM and simulate the application of the 

connection elements on the panels to find out the 

best solution in terms of costs and time. 

As previously said, many ROS nodes are necessary 

to simulate the Pick and place task with Jaco: Moveit 

and Rviz to visualize and plan the motion, Gazebo 

for the simulation and implementation of the real 

scenario, Graspit to grasp objects. This makes all 

complicated, thus one of the future objective is to 

write a code for the automated execution of the pick 

and place task, avoiding the use of so many nodes 

contemporarily. Furthermore, now there are lot of 

issues to solve since sometimes Jaco lose the 

grasp, other times the cube slides away and some-

times there are no reasons but simply it doesn’t work 

or get stuck. 

Figure 10. ROS nodes and plug-ins required for 
grasping with Jaco 

There are also other matters to be solved in future 

work, since to let Jaco be useful for the automation 

of the off-site production process the robot has not 

just to pick and place the connectors but it has to 

execute many others tasks. In fact, Jaco must be 

able to recognize the environment from whom is 

surrounded and the dimension of the modules to 

execute the correct trajectory to install the connect-

ors. Then it has to grasp the connection elements 

and apply the right trajectory to place them and, 

finally, it has to check the final result by means of 

sensors that check the correct installation. With re-

gard to the first objective of letting Jaco recognize 

the world which surrounds it, the better solution 

could be the installation of a camera which allows 

also the recognition of the objects in the environ-

ment. Try to find such a solution with ROS is not so 

complicated since there are many available plug-ins 

for Gazebo that allow to implement different types of 

sensors. Within them there is the “Camera” plug-in 

which provides ROS interface for simulating camer-

as by publishing Camera Info and Image ROS mes-

sages and it is sufficient to incorporate the descrip-

tion of the camera in the URDF (Unified Robot De-

scription Format) file of the robot. Regarding the 

second purpose, Jaco has also to recognize the 

object (i.e. the connector) and the position where it 

has to be placed. This can be achieved with a scan-

ner embedded on it and a smart tag or a barcode 

both on the panels and on the connectors. In fact, 

the panels are different for dimension and for the 

stuff installed on them, consequently the right posi-

tion of the connectors will not always be the same 

and it has to be planned a trajectory that Jaco must 
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follow. However the combination of possibilities are 

finite and the right trajectory could be recognized 

from Jaco by reading the smart tag or the barcode 

on the modules since to each code it will correspond 

a trajectory for the exact displacement of the object. 

If there were four kind of panels of different dimen-

sions and with different surface characteristics, there 

will be at least sixteen tags or codes to distinguish 

them (one for each panel and one for each corner of 

the panel). This codes will be read by the scanner on 

the robot which then has to find the correspondent 

connection element with the same tag and apply the 

relative planned trajectory to displace it in the correct 

position. The panels are not all equals but at least 

they are not infinite, so there is the possibility to give 

a finite number of trajectory to the robot, one for 

each panel type and then it can recognize the right 

trajectory by reading the codes and consequently 

place the connectors in the correct position. 

BERTIM on-site process automation 

Once the automation of the off-site construction 

process is planned, by means of BIM, Inventor and 

ROS it might obtain construction elements built ad-

hoc for automated installation thus also the on-site 

installation process that represents the third subsys-

tem in the BERTIM project could be automated (Fig-

ure 11). Thanks to the detailed information stored in 

BIM that offers us the exact dimension, geometry 

and position of the elements and exploiting the real-

istic simulation provided by ROS where the models 

of the building and of the panels (with the connectors 

embedded) can be imported, it could be possible to 

identify the ideal workflow for each construction task, 

tested to avoid any clash and to identify also the 

respective appropriate robot with the more suitable 

end-effector. Hence, this could enable to automate 

also the on-site installation process. 

Figure 11. Steps for the automation of on-site construc-
tion processes 

It can be hypothesized also to insert some sensors 

in the panels for the future monitoring of its health 

state, being able to intervene before there are visible 

damages and also to check the correct installation of 

the panels with respect to the existing building and to 

the other panels (being sure that they don't move too 

much or that they load on the existing building). All 

these things could be made possible by the simula-

tion in ROS integrated with BIM and CAD models. 

ROS-BIM IN LISA-HABITEC PROJECT 

ROS could be an interesting tool also for projects like 

LISA-Habitec (Habitats, Bits and Technology in an 

Ageing Society) [18] that concerns the implementa-

tion of RmRs (Robotic Micro-Rooms) [19] to allow 

the independent living of elderly people.  

Figure 12 . Example of apartment with RmRs installed 
(Image from br2.tum.de ) 

The implementation of new technologies such as 

sensors, assistance devices and robotic systems 

requires costly and long processes to test them and 

find out the best arrangement. In addition, it usually 

requires that elderly move to another accommoda-

tion and this often is the reason to give up the idea of 

installing assistance devices. This could be overtook 

using ROS since it might be imported the model of 

the existing house and try to integrate LISA terminals 

in a virtual but realistic scenario so that the elderly 

can visualize how their home will look after the inter-

ventions not only in an architectonic sense but also 

with respect to the visualization of how robots move 

in the house, without any physical approach and 

expense. Moreover many different kind of sensors, 

actuators and robots as assistive technologies could 

be tried by means of simulation in Gazebo and Rviz 

without any cost and risk. Exploiting ROS it could be 

possible to import the LISA 3D model and testing 

different control or assistive systems. 

JACO arm in LISA bath terminal  

It is a matter of fact that old people have problems 

even in carrying out the simplest daily activities and 

bathing process is one of the most problematic. In 

fact it requires a certain physical strength and agility 

to access the bath tub, two capabilities that many old 

people lost even if they are also required to avoid 

slippages or falls.  

The traditional bath tub design doesn't help elderly to 

easy access it, thus there are many commercial 

solutions designed with this purpose and previous 

studies considered the elderly problems connected 

to bathing process but their solutions, even if valid, 

have the difficulty of requiring always an assistance 

(Figure 13) or an invasive upgrading work of the 
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existing bathroom that has to be completely refur-

nished [20] (Figure 14). 

Figura 13. Example of existing assistive device 

Figura 14. Futuristic bathroom ideated by professor 
Thomas Bock et al. [20] (Image from the paper) 

Thus, as final part of this preliminary study, it was 

tried to integrate Jaco arm in the LISA bath terminal 

(Figure 15) with the intent of helping elderly during 

the bath and doing all the connected activities safely 

and independently with low impact interventions. 

With this purpose Jaco could help elderly in getting 

up from the bath tub or reaching objects in high 

shelves or preventing falls. Another interest applica-

tion could be the installation of waterproof sensors in 

the bath which are able to signal a long-time inactivi-

ty of people. In fact they could had a problem or fell 

asleep or, in the worst case, they could felt sick and 

be in life danger. The sensors must be able to call for 

help also in the case that the old person falls down 

and isn't able to getting up by himself. 

Figure15. LISA bath terminal 

Coming back to the first purpose of installing Jaco in 

the LISA bath terminal, its 3D model was converted 

in stl binary format by means of Autocad “Export” 

function. and then two ways of importing it in ROS 

were tested: first directly in Rviz by means of the 

“Import file” function, In this way it might have have 

the stl model in the scenario and drag it in the cor-

rect position, being also able to change its scale and 

orientation. The second method considers of em-

bedding the binary code in the Gazebo launch file 

but it is more complicated even if more precise, the 

first tries were intricate, thus for the moment it was 

exploited the first method which gives a good inte-

gration (Figure 16) even if it wasn't possible to visu-

alize the real colors of the meshes even trying with a 

collada 3D file.  

Figure 16. Screenshot of LISA bath terminal with Jaco 
arm installed directly in Rviz      

However, to simulate and visualize the installation of 

robotic tools it is more than sufficient. In future work 

it has to be considered another approach that is to 

divide the model in different meshes and then con-

necting them as links in the URDF file, in this way it 

might be more simple but also more accurate. 

HVAC systems control by means of interaction 

with elderly  

Another interesting application for LISA-Habitec that 

could be tested by means of ROS and BIM, might be 

the interaction between the terminals and elderly to 

achieve the control of internal environment condi-

tions (i.e. air quality, temperature…) and of the elder-

ly life itself. As a matter of fact old people have prob-

lems of dehydration or they could have memory 

problems that don't allow them to understand exactly 

when it's time to turn on or off HVAC systems or 

when it's time to change the air, over that it would be 

interesting also to monitor how long the old person 

didn't go outside (Since solar radiation is important to 

fix vitamin D for the bones) or how long he/she was 

seated or laying to avoid blood flow problems and so 

on. This could be possible taking advantage of the 

already implemented function of reading vital signals 

within LISA-walls, adding other sensors to check the 

activities of the person and measure air quality or 

control HVAC systems basing on the actual need of 

the person in addition to monitoring of energy con-

sumption, being able to reach the desired condition 

of both thermal comfort and energy saving. 

Terminals health monitoring system 

Finally, in a project such as LISA-Habitec it could be 

really useful a monitoring system embedded in the 

terminals to check their health-state for various 

scopes. In fact, it is known that elderly are not so 

familiar with technologies nowadays, thus a sensor 

networks capable of signal in real time possible op-

eration problems or the necessity of maintenance 
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works could be important to intervene in time, with-

out waiting for the evident damage. This could really 

facilitate the independent living of old people since in 

this way it is possible to intervene in time, with minor 

costs and less impact on their life once they are used 

to have these assistive functions. Hence they could 

live in tranquility knowing that their precious assis-

tance systems are constantly controlled and if there 

will occurs a problem the assistance will be instanta-

neously active. These kind of sensor networks can 

be tested in ROS before the real implementation on 

the terminals without any expense of time and mon-

ey. 

CONCLUSION 
This paper tackled the problem of how designing and 

test the introduction of automated processes and 

domotic systems in AEC industry since there still 

missing a specific software that enables the direct 

planning of such systems. It was highlighted how 

BIM can give an help in this sense but also that it is 

not sufficient by itself, thus it was evaluated the pos-

sibility to take advantage of robotic tools typical of 

robotics industry and apply them within the BIM-

based design workflow. In fact, there is the need of a 

specific software for the dynamic simulation of con-

struction processes that allows also the planning of a 

detailed and precise workflow for each required task, 

avoiding clashes for a successful automation and the 

realistic representation of complex modern buildings 

which have many new technologies embedded that 

cannot be represented with classical CAD or BIM 

tools by themselves. This lack could be covered with 

the integration of a powerful instrument such as ROS 

in BIM-based design workflow which can give a 

strong push to automation in AEC industry, allowing 

to simulate any construction process or domotic 

system in a virtual ambient without risking both the 

construction and the robotic tools. This means hav-

ing not expensive planning for automation and not 

losing money in tools that in the future could reveal 

useless or too complicated, moreover there is the 

possibility to visualize the process, plan it in a safety 

way and visualize also the final product avoiding 

errors or accidents both in the planning and realiza-

tion phase with a consequently improvement of 

productivity.  

In the present research it was showed many possi-

ble applications enabled by this integration between 

BIM and ROS which offers a lot of potentialities even 

if the road to reach it is not so simple. In addition to 

the difficulties exposed that just require time to study 

and try better solutions, another issue will surely be 

the lack of already available URDF for traditional 

construction machinery but it can be realized ROS 

packages also for them by creating a mesh file for 

visual representation and the URDF description to 

define links, joints and kinematic. 
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In this paper a new propose for the provision of architectural space, called “Biofied building” is described, which is highly 
customized to the individual needs of the appropriate user. Biofied building can be seen as architecture with focus to 
create a convenient environment for its user, by applying biological adaption mechanisms. Therefore, a home robot is 
used as a sensor for the Biofied building. However, in order to live with a robot together, the user needs a certain affinity 
to the robot. At moment, robots are mainly used only with simple movements. In this paper the affinity change to the 
robot, depending on into the robot implemented contingency and variability algorithm, is investigated. For the investiga-
tion a questionnaire has been used with 20 test persons, as well as the individual personal space has been measured. 
According to the results, the authors suggest three movement patterns, i.e. standard, simple movement with contingen-
cy, and complicated movements with variability. The test persons experienced the three movement patterns before they 
measured their personal space. In conclusion, the proposed implementations of contingency and variability showed an 
increase in affinity of the test persons to the robot. Furthermore, an extremely strong correlation between the personal 
space and the questionnaire was visible. 

Keywords: Biofied building, Kinect v2, Robot, Affinity, Contingency, Variability 

INTRODUCTION 
In the past few years, the number of single elderly 

person households has been increasing
1
. It is con-

sidered that the increase will continue in the follow-

ing years. 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 summer
2
. However, 

it may also be that the emergency response is de-

layed in the single person households. In line with 

the time, the architectural space should change for 

each person. 

For that reason, we propose the “Biofied building” 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 buliding”). 

Residents are safe and feel comfortable by the pro-

posed customized architectural space adaption. The 

authors propose the usage of a home mobile robot 

as a sensor. One of the advantages is, that the sen-

sor costs are low, because it is possible to reduce 

the amount of sensors to one per robot. The robot 

acquires the human data not only to provide a com-

fortable living for people, but also as a watching 

security robot. 

The affinity is necessary to the home robot, because 

home robot is always in the same home environment. 

The personal space for the approach of a home 

robot changes by age and gender of the person, as 

well as speed, angle, attitude and design of the robot. 

Also the sound, design, and motions are improtant 

factors for the evaluation. In this paper the focus is 

on the motion of the overall evaluation, which allows 

to increase the user affinity of home robots by motion. 

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 adaption
3
. 

 Sensory adaption:  Rather than act to think of it,

that of reflexive action. For example, one release

the hand reflexively when touching something to

hot. This biological adaption applied to the archi-

tectural space, could result in lighting that auto-

matically turns on, when a person walks in the

dark.

 Adaption by learning:  The human learns from

experience. For example, once after touching

something hot, the human should have learned

not to touch something hot again. This biological

adaption applied to the architectural space, if a

resident turns off the lights every time he goes to

bed, automatically adjust the lighting when the

resident goes to bed.

 Physiological adaption:  Life has homeostasis,

which is a natural inclination to try to keep a con-

stant state. For example, the desire to return to

the original state when the body temperature

changes. This biological adaption applied to the

architectural space by a sensor, e.g. which gets

discomfort signals of the environment, get the ar-

chitectural space to control, and attempt to re-

duce the discomfort.
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 Evolutionary adaption: Long time genetic growth 

process to adapt to changes in the environment. 

For example, humans became bipedal walking 

over the many million years. This biological adap-

tion applied to the architectural space, have the 

residence gather information such as what could 

be uncomfortable to the next residents and try to 

counteract it. 

 

THE IMPORTANCE OF THE ROBOT 

In a “smart house” the architectural space, and sen-

sors have been implemented, in order to provide 

services to the inhabitants. Smart houses provide 

services to get the human data by multiple embed-

ded sensors
4
. However, the propose focus to use a 

home robot as a sensor for Biofied building. 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 inhabitants. 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 

it is possible to reduce the number of sensors to one 

mobile robot.  

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 

mobile robot, which is following the inhabitant. 

Finally, the proposed solution can easily be main-

tained and updated. If an error occurs in the sensors, 

it will be difficult to maintain and update the sensor, if 

they are embedded in a wall. It is easier to change 

the robot with sensor for maintenance and update by 

sharing with a server, because they are easier to 

reach.  

 

 
 

Fig.1. Image of Biofied building. 

 

 

AFFINITY 

Affinity means “a natural compatibility of one thing 

with another”. The purposed solution aims to in-

crease the affinity by the construction of a robot and 

human relationship. By comparing the various 

movements of dog type robots, it was found that the 

affinity increases the more the robot moves like an 

animal
5
. In addition, it was found that the affinity 

increases by implementing infant characteristics to a 

robot
6
. However, these studies do not consider the 

robot-human interaction. What is required in the 

robot is the interaction with humans. Therefore, the 

authors verified, how much is the affinity increasing 

with the movements of the robot in relation to the 

behavior of a person. However, affinity cannot be 

expressed in numbers. Thus, the authors used per-

sonal space, in order to measure the affinity.  

Personal space means “the physical space closely 

surrounding person, which can lead to discomfort or 

anxiety if encroached”. Personal space is divided 

into four ranges. This section explains about person-

al space. 

 

 Intimate distance  :  0~45cm 

This is the distance, where someone can be easi-

ly touched. Usually close people such as rela-

tives and partner are allowed to enter this dis-

tance. Someone feels uncomfortable if any other 

person try to enter this distance. 

 Personal distance  :  45~120cm 

This is the distance to reach out a hand to each 

other. General distance of a conversation be-

tween friends. 

 Social distance  :  120~350cm 

This is the distance, where people cannot touch 

each other, but they can get in contact with the 

persons. This distances is normal for contact with 

supervisors and at formal places. 

 Public distance  :  More than 350cm 

This is the distance, where one talks without par-

ticularly addressing a person. This distance is 

normal to a audience, e.g. such as lectures and 

ceremonies. 

 

Investigations, by Kobayashi and Kurita
7
, proved that 

as closer the physical distance is, as closer is the 

psychological distance. Moreover, this can be ap-

plied not only to human-human relationships but also 

to human-robot relationships
8
. Personal space for 

the approach of a home robot changes by various 

factors. 

 

EVALUATION OF THE ROBOT 

Affinity is necessary for home robot in space where 

humans and robots live together. For a person to feel 

affinity to the robot, there are three elements that 

humans evaluate in robots.  
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 Influence of the movement 

Since the robot is equipped with a sensor for ob-

tain the human data, the robot should move in 

accordance with the residents. Speed, motion, 

route and smoothness are a major factor of the 

movement evaluation. Studies proved that that 

movement of robots, which is similar to humans 

give a good impression to the people
9
.  

 Influence of the design 

It is looks that the person evaluates first. There-

fore, the impact of the design, regarding the eval-

uation is large. The robot without expression has 

a low affinity
10

. With this robot, it is difficult to fre-

quently change the design, i.e. size, color, shape, 

expression, texture, and gloss. For this reason, 

the influence of the design aspect is not further 

considered. 

 Influence of the sound 

This is the easiest way when persons communi-

cates with each other. The sound can change the 

impression of the partner by intonation, tone and 

volume. If we take communicate with robots in 

sound, we have to consider the disturbance due 

to the driving sounds of the robot. Communica-

tion in sound is influenced by external factors.   

 

In this paper, the authors focused on the influence of 

movements, as well as on the impression of the 

robot, and on the communication through move-

ments. Especially those changes of movements that 

are easily implemented, minimize the risk of external 

disturbance and present information in an easily 

perceptible way. 

 

EVALUATION OF THE MOTION 

This section explains the impressions the movement 

of the robot gives the people.  There are three fac-

tors. 

 

 Influence of contingency 

This means that an action will be repeated if it 

leads to good results, or it reduces the bad re-

sults. In contrast, an action is not likely to be re-

peated if the implications are bad, or it reduces 

the good ones. Actually, the authors have been 

experimenting with watch robots for the elderly in 

rest homes, and noticed that there is a tendency 

of the inhabitants to repeat interactions with the 

robot, which lead to reactions of the robot7. 

Therefore, using contingency will increase the af-

finity of the home robot. 

 Influence of variability 

People are interested in changes and unex-

pected results. It has no meaning to implement 

arbitrary changes regardless of the residents’ be-

havior, since the residents would lose interest in 

predicting the robot behavior, and thus in the ro-

bot all together. However, people predict the 

change of results at a certain probability. As a re-

sult, residents are satisfied if they expectations 

and the results are consistent. On the other hand 

people want to try again the performed interac-

tion, if the expectations and the results were not 

consistent with each other.  

Thus to build a relationship it is important to in-

volve the residents emotionally. Using variability 

will increase the affinity of the home robot. 

 Influence of the intelligence 

People are interested in robots that move intelli-

gently. Intelligent movements makes people 

thinking, which leads to an increased interest. 

However, the authors do not propose intelligent 

movement, because the perception of intelli-

gence differs largely with each individual, and it 

would be out of scope of the proposed solution. 

 

DEVICE 

The proposed solution uses “e-bio” (Figure2) as 

home robot in the biofied building. The authors have 

developed the robot with Keio University Nakazawa 

Laboratory. E-bio is equipped with a Kinect V2 as a 

sensor. A computer is mounted on the robot, which 

analyzes the information, obtained from the Kinect 

V2 and sends a command to the robot by using 

Bluetooth. The technical specifications of e-bio are 

listed in Table 1. E-bio can move faster than an adult. 

Hence there is no problem to use it at home.  

                 
            Front                                        Side 

Fig.2. E-bio (home robot) 

Table 1. Technical specifications of e-bio 

Item Mechanism 

Size 460(W)×460(D)×450(H) mm 

Movement  
mechanism 

Two wheels 

Motor servomotor(15W) 

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  
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In this section the used sensor (Kinect V2) will be 

described. Kinect V2 sensor (Figure3) developed by 

Microsoft. Kinect V2 can obtain the systemic human 

data. The Kinect V2 is equipped with a RGB camera, 

depth camera, microphone array and an acceleration 

sensor. Therefore, it can obtain the several types of 

human data, i.e. skeleton data, depth information 

and color images. In addition, it is possible to differ-

entiate between rock, paper and scissors. In this 

paper the skeleton recognition is mainly used. 

 
 

Fig.3. Kinect V2 

 

IMPLEMENTATION MOTION 

The authors suggest three movements called stand-

ard, simple and complication.  In this experiment, 

there is the contingency, the robot moves in the di-

rection of the hand person. This response pattern 

has been referred as a “simple” movement. In an-

other response pattern an inconsistency has been 

included by having the robot not always following the 

movement of the hand. This pattern has been re-

ferred as “complicated”, and implements this contin-

gency and variability. The change of the affinity due 

to the movement by implementation contingency and 

variability has been investigated. 

 

Standard 

This movement is only for the purpose of comparison.  

This movement do not implements the contingency 

and variability. Approach in a straight line to the sub-

ject. It was set not to feel scary by slower than walk-

ing speed of adult.  

 

Simple 

This movement implements the contingency setting. 

E-bio moved according to the human behavior. 

First, someone puts the e-bio in the opposite direc-

tion to the subject. The robot rotates until it is finding 

a measurement of human skeleton data. The exper-

iment is started by holding scissors towards the e-bio 

(see Figure 4). Next, in Figure 5 is depicted that E-

bio is moving in the direction of the hand. E-bio 

judges in the direction of hand by constantly compar-

ing the coordinates of the right hand and the coordi-

nates of the chest of the person. After it moved, the 

robot will return to its initial position, even if the arm 

is still held out (Figure 6). In Table 2 are the Simple 

movement patterns shown. 

Table 2. Movement of e-bio (Simple) 
Direction to the 

hand 
Movement of e-bio 

Right Rotate 30 degrees to the right 
Return to the initial position 

Left Rotate 30 degrees to the left 
Return to the initial position 

Front Retreats 50cm 
Return to the initial position 

Back Forward 30cm 
Return to the initial position 

 

 
Fig.4. starting experience 

 

 
Fig.5. Hand position is right 

 

 
Fig.6. Return to original position 

 

Complication 

This movement implements the contingency and 

variability settings. The experiment has been per-

formed in the same way as the Simple one (see 

section Implementation motion). However, there is a 

certain probability of having a movement opposite to 

the direction of the hand. It was not allowed to return 

to the initial position as one point in one direction 

(Figure 8). An example of opposite movement is 

given in Figure 9, in which a hand held out to the 

right, but the robot move to the left. Similarly, e-bio 

motions vary for the front and back hand movements. 

In Table 3 are the movements of the robot to human 

behavior shown. 
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Table 3. Movement of e-bio (Complicated) 
Direction to the  

hand 
Movement of e-bio 

Right Rotate 30 degrees to the right 

Rotate opposite in 1/5 
Left Rotate 30 degrees to the left 

Rotate opposite in 1/5 
Front Retreat slowly 

Meandering retreat in 1/3 
Back Forward slowly 

 

 
Fig.7. Hand position is right 

 

 
Fig.8. Not return to original position 

 

 
Fig.9. E-bio move opposite to direction the hand 

 

EVALUATION METHOD 

The authors verified the affinity by the measurement 

of the personal space, as well as with test persons 

and questionnaires. 

For the questionnaire, the test person had to rate 

his/her impressions based on the following 10 feel-

ings, and four questions (Figure 10). 

 

 
Fig.10. questionnaire 

 

In addition, the affinity quantitatively by measure-

ment of the personal space has been verified. It is 

necessary to approach the inhabitants in architectur-

al space. It is enough to obtain the human data in 

personal distance from the personal space data. 

Therefore, it is possible for practical use, if the per-

sonal space is less then 120cm in the biofied build-

ing. 

 

EXPERIMENT 

The subjects were to experience the motion, answer 

questionnaire, and then to measure the personal 

space. This was performed for each of the move-

ments.  

The personal space was measured as the distance 

of the robot to the toe of the test person, whereas 

the position of the toe was declared to 0 m. The e-

bio was put to a distance of 3.5 m from the test per-

son. The test person and the robot are facing each 

other. The robot is approaching frontal to the test 

person (Figure 11.12). As soon as the test person 

feels uncomfortable, the test person has to ring the 

bell in order to indicate his/her inconvenience. 

The test persons are 20 student, all with an age 

around 20 years. 
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Fig.11. Method of measurement the personal space 

 

 
Fig.12. Subjects eyes 

 

RESULT AND CONSIDERATION 

 

Questionnaire 

After evaluating the questioners, the result is sum-

marized and depicted in Figure 13. 

 

 
Fig.13. Result of questionnaire 

 

As shown in Figure 13, the affinity to the robot is 

increasing by implementing the contingency and 

variability. In particular, change of cuteness is large. 

Affinity has increased by being relationship to the 

robot. The smoothness evaluation of standard was 

highest of the three. In other words, evaluation of the 

simple and complication is low. This is due to move-

ment of simple and complication often left and right 

movement.  

The authors used principal component analysis. The 

two axis, affinity and smoothness, are results of the 

principal component analysis of the questionnaire. 

 

 
Fig.14. Result of questionnaire 

 

Simple results are distributed than complicated. This 

shows that affinity of complicated is the highest of 

the three. 

 

Additional questions for the test persons:. 

 

Q1. What is your gender ? 

Q2. Do you have a home cleaner robot ? 

Q3. Do you have any pets ? 

 

A1. Man:13 Woman:7 

A2. Yes:3 No:17 

A3. Yes:4 No:16 

 

The author investigated that there is difference in 

affinity by gender, having a home robot and having a 

pets. It investigated in two pattern of questionnaire 

and personal space. Additional question result was 

composed using the data depicted in Figure 15. 

 

 
Fig.15. Comparing various data 

 

 

As shown in Figure 15, affinity is no difference by 

gender, having a home robot and having a pets, 

since axis is crossed in the all graphs. 
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Personal space 

The average result of the personal space is depicted 

in Figure 16.  

 

 
Fig.16. Result of the personal space 

 

Personal space became smaller in following order: 

Standard, simple, complicated. Many of the test 

persons saw the e-bio for the first time. Therefore, 

one of the reasons, why the personal space was 

shortened, is that the appropriate test person has to 

get used to the e-bio for the first time. The experi-

ment showed that e-bio can be practical in biofied 

building. This is because, personal space is less 

than 120 cm in the movement patterns of simple and 

complicated.  

 

Correlation 

The authors verified the correlation between the 

personal space and the questionnaire. The axis of 

personal space data was reversed. This is because 

the personal space is short when affinity is a high. 

Both affinity of complication is the highest of the 

three. The Figure 17 proved that the correlation of 

the personal space and the questionnaire is strong. 

 

 

 
Fig.17. Comparison the personal space and the ques-

tionnaire 

 

Conclusion 

In this study, the authors proposed movements that 

increase the affinity of the e-bio for residents in 

Biofied building. 

By Implementation of the contingency from the ques-

tionnaire and personal space, the affinity of the robot 

was successfully increased.  

Affinity was increasing by implementing not only 

contingency but also variability. There is an extreme-

ly strong correlation between the questionnaire and 

personal space. In other words, the questionnaire 

results are good, when the personal space becomes 

closer. There was no difference noticed regarding 

gender. Also pets and home robots in the same envi-

ronment showed no significant differences. This 

proves that the e-bio can be practical in Biofied 

building. 
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This paper provides the way to consider for new environmental design through author’s research and activities. 
Children's living space will be the world just different from the space we feel by the height's of the look becoming 
short. When considering the design from the height, it's necessary to ascertain what of the one in the child or other 
ones the standard of the height is. When you could notice some viewpoints, the new design becomes easy to be 
born. When considering the design for children, we have to confirm whether its angle is the angle not designer's 
desire, but for children. This confirmation makes the purpose clear about "Is it the design which is why?". It's our 
theme to consider the new design confronted with each society. 
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INTRODUCTION 
This paper provides the way to consider for a new 

LISA and new furniture through author’s research 

and activities. My specialization is the plan of build-

ing. There are studies about various plans for archi-

tecture, but I make POE (Post-Occupancy Evalua-

tion) important in particular, and many researchers 

has considered good of the efficiency at many kinds 

of buildings. I’ve been examining "usability and 

comfortability" of the environmental design judged 

from human viewpoints by analyzing a relation be-

tween the environment and behavior. When giving 

students a lecture, or the field is explained overall, 

we handle layout in elderly people’s facilities and 

layout in housing. But most of my study is advanced 

in a kindergarten and an elementary school. When I 

do design activity as a academic person, I enter 

between the client and the designer, adjust a design 

plan for both of them for their happiness. 

The seen world is different from adults for children. 

They're different in the size of the body needless to 

say. The height of its eyes depend on the size of 

their body. It's important that the height of its eyes 

were generated by the own body. Children's living 

space will be the world just different from the space 

we feel by the height's of the look becoming short. 

We need understanding of the world children see. 

After architecture and furniture for children were 

designed, complaints and regrets are often born. It’s 

important for designers to see client’s thoughts 

about arrangement and elevation in the room. When 

these thoughts and finished products aren’t identical, 

complaints and regrets are born. Elevation plan in 

the room and combines with its height deeply. Be-

cause it’s difficult for adults to consider height for 

children. 

The design for childrens’ height has to be analyzed 

more and considered. This paper would like to rec-

ord and suggest about the height. 

Fig.1 and Fig.2 are pictures of the workshop. That 

held for reconstructing the kindergarten which was 

washed away by Tsunami (huge tidalwave made by 

earthquake) on the Japanese huge earthquake 

which has occurred in 2011. Their building was lost, 

but they had the budget to build in their hand by 

UNICEF. In this workshop, Children lie down on 

cardboard and trace oneself by a pen. They clipped 

cardboard along the pen and made each alter ego. 

Everyone cored an eye and made the hole where an 

adult looks. Adults can understand the viewpoint of 

the child by the height of the same eye. The adults 

who participated say "I knew, but I could notice that 

it's low once more." through the experience spent by 

the height of the child's eye. AYAKO gathered this 

way
1
. We made that developed for the process of 

architectural design. 

These Alter ego was reduced and put in the con-

struction model immediately at this workshop. Staffs 

for kindergarten and Children could imagine new 

construction. 

Thus child's growth and the design which aimed at 

the height of the eye are important. 

 

 
Fig.1. Left: Sleeping on the cardboard and tracing the 

body., Right: Children’s alter ego made with cardboard 
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THE HEIGHT OF THE THING IS CHANGED EVERY AGE. 

When I say easily, The height of the furniture is be-

coming high. As the size of the clothes becomes big. 

Fig.2 and Fig.3 are pictures of the Kinderkrippe(Day 

care center). The height of the window is changed 

according to the age. 

 

 
Fig.2. 0-year old can see outside while lying. 

We have to make the space where babies old can crawl 

on the floor in Japan. 

 
Fig.3. two-years old can see outside while sitting or 

while turning a kneeling position. 

 

Even if these architectural environments suit the age, 

these may not be arranged everywhere. These 

should be made according to the children's activities. 

Fig.4 is the example behavior of one child was rec-

orded. A cross direction in the figure is a time axis. I 

classified child's behavior every "posture" as "stand-

ing", "sitting", "lying" and "making dizzy". The person 

painted blackly means moving, the person painted 

whitely means stopping. This was recorded like mu-

sical sheet. Every second was recorded using a 

video. More than 40 people were checked, so much 

was understood. Since concerned to the height in 

particular, they always sit down or sprawl on the floor 

in front of their own shelf in their classrooms imme-

diately after Children went to kindergarten. There are 

a lot of white people from 9:21 to 9:25 in Fig.4, but 

that's the record on which he sat down. From these 

results, I found that the place where they sit down 

and the place where the place where the turn can be 

looked around calmly is effective at the time when 

they have come to the kindergarten. 

It's a window of Fig.5 that this reseach result was 

received and proposed. An infant often looked 

around while sitting on the floor close to own shelf, 

so the window was opened here. It's possible to see 

thier friends going like Fig.5. Fig.6 is the outward 

appearance of Fig.5., and means "The form is based 

on a human behavior" in Fig.6. 

I designed Fig. 2 and Fig. 3 by applying Fig.4, 5 and 
6. 

 

Fig.4. Infant's behavior, the record which aimed at their posture and the human relationship 
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 Fig.5. The window installed next to the shelf / It's pos-
sible to see friends from a window. 

 
Fig.6. Outward appearance of Fig.5 / The form is based 
on a human behavior 

 

CHILDREN’S FURNITURE CHANGES ACCORD-

ING TO THE HEIGHT OF ADULTS 

The height changes relatively as the feature of this 

way. 

There are usually infants with adults, so design 

standards for children is adjusted to Adult’s standard. 

For example when making the height of the table for 

adults, the height of the child's chair is high. When 

only child's growth is considered, It's a general way 

of thinking that the distance from a floor to the seat 

surface becomes big. But the bigger a Child grows, 

the lower we have to give the height of the seat sur-

face from a floor is becoming in this case. For exam-

ple something near this way of thinking is "Tripp 

Trapp" by STOKKE
2
 known widely. 

Fig.7 is the day care center where a pharmacy was 

converted. Adults can see outside, but Children can't 

see outside from a cause of the height of this window. 

So I proposed that children are able to look at out-

side by making the floor high. Conversion is proper 

at Europe, but it has just become a little much in 

Japan that a converted building is used. Understand-

ing is still shallow for a way of thinking in Japan. This 

Conversion is also designed in damage area of huge 

earthquake in 2011. Tsunami had come to the neigh-

borhood right now, but a building in the area where I 

have received no water was used. This was built in 

the area where there are a lot of people who lost 

assets because of the earthquake. There is meaning 

that the lady who would like to work is supported.  

When we use the size of Adult’s standard for the 

design of children like this case, scrupulous attention 

is needed. It's because it's easy to become negligent 

of the angle for children. For example a child can't 

insist and explain about crampedness. While we 

don't notice, a stress is being given to children. 

When seeing the design of the place where there are 

children with adults, I ask in what there is a standard 

of the height. A staff often says "Because the place 

where an adult works." as the reason. For a reason 

"to fit the everyday environment", it can be under-

stood. But it's difficult that behavior settings with a lot 

of adult convenience become the location for a child. 

When I aimed at only an adult and a child. There are 

2 roughly divided above. A) when only child's growth 

was seen. B) when the design size of the child is 

changed according to the adult. 

 

 
Fig.7. Day care center which made the floor high ac-

cording to the window 

 

CHILDREN’S FURNITURE CHANGES ACCORD-

ING TO THE [SOMETHING]. 

[something] changes according to the purpose of 

design. 

When I look back to A) and B).When you could no-

tice some viewpoints, the new design becomes easy 

to be born. When considering the design for children, 

we have to confirm whether its angle is the angle not 

designer's desire, but for children. This confirmation 

makes the purpose clear about "Is it the design 

which is why?". 

Fig.8. is a playground equipment to catch a cicada. I 

opened up a workshop with staffs for considering 

about “wanting children to experience in the kinder-

garten”. The workshop decided the theme called 

"catching a cicada". After having designed it in labor-

atory members, We produced the equipment with 

infants’ fathers. We prepared for a log different in 

height to be able to enjoy simple molding while fa-

thers made it. 

I had considered this design through imaging height 

of a cicada which stops at a tree. 
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Fig.8. The playground equipment to catch a cicada 

 

Fig.9. is a classroom in an elementary school. 

Azusasekkei which participates in a common design 

of 2020 stadiums of Tokyo Olympic Games was 

designing. After that middle corridor is arranged 

during two classes decided, I was consulted. There 

were almost no walls to the middle corridor in a 

classroom, so there was an opposite opinion from 

School Board and a legislature. I entered between 

the local government and the design office, and I 

suggested about the pattern of the wall and its 

meaning were indicated. 

There was a law the ceiling height of the school 

classroom has to set to 3.0m in Japan, but the Minis-

try of Education did the inspection which abolishes 

the number which had no data. I took part in this 

project held by National Institute for Educational 

Policy Research. We set a construction room of the 

height of the 2.7m and the 2.4m as well as a class-

room with the height of the usual 3.0m and so lec-

tured. We prepared a construction room of the height 

of the 2.7m and the 2.4m by lowering the ceiling as 

well as a classroom with the height of the usual 3.0m. 

Children had time like usual for two weeks. We did a 

questionnaire and a behavior observation survey on 

the first and last day.  

We found out that children’s concentration is chipped 

off  when a teacher’s hand approaches the ceiling 

and children look forward something to see. The 

value of the room of 3.0m wasn't best, and the 2.7m 

room got best evaluation in three rooms. I expected 

that 3.0m was best before a study, This study made 

it so clear that high evaluation may not be obtained 

that it was high-ceilinged
3,4

.  
This study was the study to consider the height of 

the ceiling. But when I paraphrased the above, Con-

centration of a lecture is made by Environments that 

distract when a child sees and a teacher move easily 

in. I received the result and proposed two (Fig10).  

1) The large opening which was behind the teacher’s 

platform is canceled. 2) A corner in a platform makes 

a wall and makes outside the classroom difficult to 

be seen to a middle corridor. 

Reverse wall between two classrooms was needed 

from a reason on the construction structure, class-

rooms with several patterns were made in accord-

ance with total three principles
5
. 

Evaluation is bad for a school which has a middle 

corridor. Because a middle corridor will be often dark 

and whole school will be a dark image. But there 

was a concept that middle corridor is light and is 

related to activity in the classroom at this school, so 

the wall which closed perfectly wasn't made. There is 

also layout which can go out to a middle corridor 

immediately from a desk by the pattern of the wall. 

Sound environment was opened, but a best was 

done by using acoustic material for the whole wall. 

It's important to make sure that the child can look 

around as it has been told to here. But the environ-

ment that children can’t look around in becomes 

important for a child to make concentration. Whether 

it opens or closes is changing with the purpose. 

 
Fig.10. About how to close and open a classroom to 

middle corridor. Fig 9 is the photo judged from a right 

picture of Fig.10. 

Fig.9. One class room unit of elementary school
5
. 

The lower left is the space for classes called “semi-work space”, and the upper left is a wall in the next classroom  in 

this photo. 
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Fig.11 is also the project that we rebuilt nursery cen-

ter
6
 washed away by Tsunami in 2011. This facility 

moved to the hill where Tsunami doesn’t come. We 

had decided while consulting with staff about layout 

of rooms. But we had to build in the limited area very 

small at a site on the rock, I proposed using architec-

tonic devices, such as a wall in the nursery room will 

remove and a wall will change a stage by falling 

down. Fig.12 is five-year old's of room and two-years 

old's of wall. This is the picture seen from five-years 

old room. The lower part is the space where desks 

and chairs are stored, when taking out them, children 

can enter here. The upper part is a closet from two-

years old room side. Something staffs don't want 

infants to touch is stored. Such space is often made 

with the height of the 90cm, and is set between the 

140cm from 90cm. Less than 140 cm of the ceiling 

part isn't included in floor space in the room in Japan, 

A founder tries to increase the floor space for chil-

dren even a little, and makes such place while a site 

has restriction of floor area ratio. We also have to 

regard the size of the form of the child as the height 

of the eyes by one set. 

 

 
Fig.11. Municipal Oshika nursery center

6
 in Ishinomaki-

city 

 
Fig.12. A Wall from five-years old room and a small 

space for playing. 

 

FUTURE PROSPECTS: DESIGN OF HEIGHT FOR 

CHILDREN AS WELL AS SOCIETY AND ARCHI-

TECTURE DIVERSITY 

A lot of new kinds of buildings have been born ac-

cording to the request of the respective fields after 

World War II in Japan. Public facilities are built as 

one building in recent years from population de-

crease, decrease in the number of children and In-

crease of the senior citizen percentage. The facilities 

where not something with the close kind of elemen-

tary schools and junior high schools, but facilities for 

elderly people and children are made together are 

increasing. The facilities connected by one door, 

something to associate has increased. 

In other words, the design for the various people 

who coexist is needed, The designers are going to 

make the design concept that it's applied to the vari-

ous situations.  

In addition to that, Because there are many waiting 

children and elderly people without moving into, the 

case a facility built in a park and set in a vacant room 

are increasing by changing those scale of facilities 

small. 

The former design until now treated the theme be-

tween one person and one physical environment. 

But like the above, facilities try to be one to corre-

spond to various tenderhearted needs.In other words, 

that's the direction where a way of thinking with the 

large-scale design for resolving a social problem are 

desired beyond human engineering, the care and so 

on. Area needs will be looked for from now on, and 

the sharing is developed. There is a possibility that 

the design born by that will be not general and be 

the individual design. But it'll be the design which 

settles individual social problem. It's my theme to 

consider the new design confronted with each socie-

ty. 
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http://112.78.196.167/my_pageview/1507kindai/pageview/pageview.html#page_num=30
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6. Oshika nursery center, adviser for planning : Ma-

sayuki Sato, "Modern architecture" pp.146-147, 

June 2014. "Modern architecture" is be exhibited by 

a web several months later from sale. 

http://112.78.196.167/my_pageview/1406kindai/pag

eview/pageview.html#page_num=100 

 

 

http://112.78.196.167/my_pageview/1406kindai/pageview/pageview.html#page_num=100
http://112.78.196.167/my_pageview/1406kindai/pageview/pageview.html#page_num=100
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