(/76 BILINGUAL
=== PUBLISHING GROUP
! 1 ’}' Pioneer of Global Academics Since 1984

Journal of
Architectural Environment &
Structural Engineering Research

Volume 6 °* Issue 1 ¢ January 2023 ISSN 2630-5232 (Online)




{m BILINGUAL

PUBLISHING GROUP

Pioneer of Global Academics Since 1984

Editor-in-Chief

Miisliim Arici

Kocaeli University, Turkey

Associate Editor

Nasir Shafiq

Universiti Teknologi Petronas, Malaysia

Editorial Board Members

Yonggao Yin,China

Mehdi Shahrestani,UK

Humphrey Danso,Ghana

Alireza Joshaghani,USA

Mohamed El-Amine Slimani,Algeria
Dario De Domenico,lItaly

Amos Darko,Hong Kong

Mehmet Cetin, TURKEY

ANTONIO FORMISANO,ITALY
Antoénio José Figueiredo,Portugal
Latefa Sail,Algeria

Amjad Khabaz,Syria

Mohammad Ahmed Alghoul,Saudi Arabia
Jian-yong Han,China

Huaping Wang,China

Banu Manav, Turkey

Alper Aldemir, Turkey

Yushi Liu,China

Rawaz M. S. Kurda,Portugal

Ahmed Elyamani Ali,Spain.
Mohammed Jassam Altaee,Iraq
Yuekuan Zhou,China

Rabah Djedjig,France

M? Dolores Alvarez Elipe,Spain
Marco Di Ludovico,ltaly

Alper Bideci,Iran

Uneb Gazder,Bahrain

Yeong Huei Lee,Malaysia
Seongkyun Cho ,Republic of korea
Wen-Chieh Cheng,China

Marco Breccolotti,Italy

Manish Pandey,Indian

Fadzli Mohamed Nazri,Malaysia
Vail Karakale, Turkey
Ana-Maria Dabija,Romania

Li Ying hua,China

You Dong,China

Fabrizio Scozzese,Italy



Volume 6 Issue 1 * January 2023 ¢ ISSN 2630-5232 (Online)

Journal of Architectural
Environment & Structural
Engineering Research

Editor-in-Chief

Miisliim Arici

{m BILINGUAL
=5 PUBLISHING GROUP
! [] [),‘ Pioneer of Global Academics Since 1984



BILINGUAL

(75 )
., PUBLISHING GROUP
\ ] ]),y Pioneer of Global Academics Since 1984

Volume 6 | Issue 1 | January 2023 | Pagel-24
Journal of Architectural Environment &

Structural Engineering Research
Contents

Editorial

14 Thermal Characteristics of Structural Lightweight Concrete

Yeong Huei Lee, Yee Yong Lee, Shi Yee Wong

Article

1 Best Practices in Construction 4.0: Catalysts of Digital Innovations (Part I)

Bianca Weber-Lewerenz, Marzia Traverso

Short Communication

17 Geometric Study of Two-Dimension Stellated Reentrant Auxetic Structures to Transformable
Architecture

M? Dolores Alvarez Elipe



Journal of Architectural Environment & Structural Engineering Research | Volume 06 | Issue 01 | January 2023

{m BILINGUAL Journal of Architectural Environment & Structural Engineering Research
E——— PUBLISHING GROUP . . . .

GEWY e https://journals.bilpubgroup.com/index.php/jaeser

ARTICLE

Best Practices in Construction 4.0: Catalysts of Digital Innovations
(Part )

3 * .
Bianca Weber-Lewerenz —, Marzia Traverso

Institute of Sustainability in Civil Engineering (INaB), RWTH Aachen University, 52062, Germany

ABSTRACT

Digital transformation in the AEC industry (Architecture, Engineering and Construction) is a key driver to enhance
technical innovation in the branch and adds dynamic to all work processes and methods. A more differentiated
understanding of the responsible use of innovative technologies aims not only towards increased technical, environmental,
educational, societal and gender equality sustainability and more efficient building life cycles but also to recognize
the unintended effects such as artificial intelligence (AI). The study is part of a larger primary research on Corporate
Digital Responsibility (CDR) in Construction 4.0. This identifies, analyzes and systematically evaluates key factors of
a sustainable digital transformation, especially in the traditionally small-scale Construction Industry, in which there can
be no standardized procedure. The study uses interdisciplinary literature and data research and expert interviews. The
qualitative method enables a critical-reflexive analysis of the key factors of meaningful and sustainable implementation
of innovative technologies in Construction. Application examples show possible approaches, some of which are
implemented as prototypes and provide guidance for small to medium-sized companies. The study outlines the necessary
steps for companies to define their own potential fields of application and find suitable methods. Another aim of the
study is to take stock of the acceptance of new technologies by comparing different perspectives from experts. The study
results show new perspectives on the transformation of the Construction Industry. They show that Digital Transformation
in Construction 4.0 has great potential for an economical, efficient construction life cycle, but requires the responsible,
sensible use of innovative technologies.
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1. Introduction

The building sector causes almost 40% of global
CO, emissions. Buildings are responsible for around
40% of energy consumption and 36% of CO, emis-
sions in the EU ', The Construction Industry is the
largest branch of the economy. Thus, this sector is
not only the key to the EU’s climate neutrality by
2050 ! but also bears significantly high responsibil-
ity for strengthening the social, economic and eco-
logical pillars of sustainability ' (Figure 1).

Such a profound process of change implies a high
level of social responsibility, beyond the digital age.
All actors involved in construction...are...required
to fundamentally rethink technical progress in con-

struction .

Society

) X 4

Economy Environment

Figure 1. Basic pillars of sustainability, transferable to construc-

tion.

Source: Bianca Weber-Lewerenz.

Thanks to innovative digital technologies and Al,
the Construction Industry experiences changes with
major impacts on work processes, people, society
as a whole, as well as on the environment and cli-
mate. Al in Construction means replicating cognitive
properties such as human learning and thinking to
use this technology to structure the increasing data
complexity, avoid data loss, make construction sites
and processes safer and consistently controllable. Al
enables a significant increase in efficiency, a reduc-
tion in resource consumption and, thus, the achieve-
ment of sustainability goals set by the UN. This is a
more serious problem for a technology like Al in the

context of the Construction Industry, an industry that
has traditionally lagged behind advanced technology
compared to others. In the absence of proven perfor-
mance and under pressure to deliver projects on time
and on budget, this branch continues to use meth-
ods traditionally trusted. This lack of confidence to
adopt new workflows is deeply rooted in technical
and psychological factors. Trusted Al is a relatively
new research paradigm and can be seen as an en-
abler that catalyzes trust *). The necessary human
change strengthens innovation and the application
of new technologies *”. In this context, one speaks
of Baukultur 4.0: What is meant is the value-based
Construction Industry 4.0, that drives forward sus-
tainable action in the sense of the common good. It
describes the sum of services that people contribute
to shaping the digital age, taking into account the
social, ecological, economic and aesthetic dimen-
sions and creating an environment that is perceived
as worth living in. In its “White Paper on Artificial
Intelligence” in 2020 ¥, the EU Commission called
for the consideration and protection of values and
fundamental rights, the careful distinction between
machine and human intelligence and careful han-
dling of Al. The study shows that holistic research
is needed to consider the unintended consequences
in the next research agenda '". The “dark” side
of new innovative technologies includes the social
impact of overuse, human dependency, security and
privacy concerns, prejudices such as gender bias and
inequality, but also ecological impacts on the raw
materials sector. After all, it is difficult to decouple
economic and technological growth from resource
consumption.

The previous primary study led to the concept of
Corporate Digital Responsibility (CDR) in Construc-
tion, which aims to define the key factors of sus-
tainability in the digital age. CDR has already been
established in other disciplines """'?. These find-
ings not only represent novel insights and increase
knowledge, but also increase the understanding of
the benefits for the Construction Industry and offer
concrete design approaches. The results of the expert
surveys and literature research demonstrate that new
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technologies are finding their way into all planning
and operational processes and that interfaces are
increasingly being researched across disciplines ',
Small, medium and large companies are looking for
advantages and added value in order to be able to ap-
ply the new technologies that are required to achieve
sustainability goals. The aimed added value of these
innovative technologies stretches from the more
economical execution of projects, the increase in cli-
mate protection and sustainability from higher occu-
pational safety, the handing over of routine processes
to machines. Research is being carried out on prac-
tical solutions in the design of digital transformation
and AT "*"*] Best practices are the first signposts for
the trustful, sustainable use of digitization and Al.
Against the background that many small to medi-
um-sized companies are still struggling to implement
their own needs in digital transformation, such as
operational efficiency and optimization of employee
productivity, and there are still complex obstacles
such as employee qualification and financial invest-
ments, practical examples in particular offer orienta-
tion and strengthening of the willingness to innovate.
The exchange of knowledge between research and
practice creates a practical approach.

The study by the Fraunhofer Institute for Indus-
trial Engineering (IAO) on Al in Construction, in co-
operation with one of the authors, highlights for the
first time the Al technologies that are already being
used in practice and the ethical observations made "%
Al is still in the development stage, with companies
and engineering firms looking for their own advan-
tages to increase competitiveness and generate new
orders """, Practical application experiences show
how these new technologies relieve people in a
meaningful way and help to make data communica-
tion and work processes more efficient and secure.
In the expert surveys, some German locations have
proven to be leaders in the development, applica-
tion and research of Al in the Construction Industry.
These role models are innovation champions provid-
ing orientation along the digital transformation pro-
cess through the use of innovative technologies that
lead to sustainable building life cycles and resilient

ecosystems 1l

Best practices inspire others and drive them to
innovate in the future. This primary study uses the
qualitative method with interview surveys and a
structured literature analysis. The study, which takes
a closer look at the practical fields of application,
examines the status quo, trends and defines the
missing framework conditions that are necessary for
a “healthy” human-technology interaction "', the
development of constructive approaches in practical
application and the increase in the shares in the value
chain. With her new field of research, the first author
wants to anchor the Construction Industry in the in-
terdisciplinary scientific debate. Innovative technol-
ogies are catalyzing the design of Construction In-
dustry 4.0; but only the corresponding organizational
and human transformation enable technical change
and offer a framework for orientation.

The increasing awareness in the Construction
Industry for balanced, sustainable human-machine
interaction is noticeable, as the interviewed experts
confirm. The research results from Technology Eth-
ics and Technology Assessment by Armin Grunwald,
Hans Jonas and Christoph Hubig, Practical and
Technology Philosophy, Ethical Engineer Respon-
sibility in Construction underline additionally. The
technical discussion provides insights into entrepre-
neurial success stories "', The first author’s arti-
cles in specialist journals substantiate the potential
for more sustainability and added value “**'. Her
book “Accents of Added Value in Construction 4.0”
(published in December 2022) focuses on the cor-
porate responsible use of digitization and Al in the
Construction Industry with the associated ethical
observations. The results of the expert interviews led
to the conclusion that corporate digital responsibility
assumes sensible technical application to achieve
resource-saving construction life cycles from project
ideas to dismantling and re-use, without neglecting
the protection of personal and data rights.

Digital project orders require adequate corporate
digital project infrastructure, because clients increas-
ingly trust in and award contracts to companies that
have a digital communication infrastructure and use
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the invested budget economically. The focus tends to
move away from pure orientation on the offer price
towards sustainability aspects, for example through
new award criteria and adjustments of contractual
regulations. The expectations of Al in the Con-
struction Industry are high: Standardized processes
executed by machines, structure of increasing data
complexity, cost-and time-efficient, resource-saving
construction, monitoring and fulfillment of climate
goals, to implement the UN Sustainable Develop-
ment Goals (SDGs). The central corporate expecta-
tions consist of the expansion of digitization, greater
efficiency at lower costs, agility and resilience.

This raises the question of how we humans want
to design this technology. The experts surveyed
believe that trust can only be created and the right
path for the company found in digital change f the
appropriate curricula and professional qualifica-
tions are given and technologies made explainable.
Interviewed Al software developers can then pro-
vide the best possible support, advice and potential
fields of application for SMEs if they can localize
their own needs and define expected advantages:
The SMEs already have extensive data that can be
used. The scope of costs is kept within reasonable
limits, as consultancy and support are provided by
startups, often by young company founders. These
do not re-explore Al, but inistead offer customized
solution packages with Al tools for the company.
These cost-time-efficient cooperations are still in
their infancy, and therefore make the most sense for
taking the first steps in trying out digital technolo-
gies and Al as a company or engineering office—at
no financial risk. New digital business models can
be developed to strengthen the own role of being a
competitive partner and to work out solutions on a
highly customer-oriented basis. Interviewed start-ups
and IT consultants recommend taking advantage of
the financial support offered by the state specifically
for Al projects. Strong network groups ensure mutu-
al entrepreneurial support when getting started.

One of the most important results of the study
is that, in addition to explainability, potential new
binding regulations for the sensible use of Al and as

a signpost are seen as requirements. In addition, the
surveyed group of experts repeatedly addresses the
fact that the education system and curricula require
profound adjustments to ensure that the next gener-
ation of engineers and specialists are equipped with
advanced knowledge of digitization and Al, as well
as the necessary ethical qualifications and able to
perform close, interdisciplinary interface work that
is increasingly necessary to combine professional
strengths.

In the digital transformation, companies have the
unique opportunity to increase their attractiveness
as employers. In the interviews, it becomes clear:
The digital transformation in Construction is a pro-
cess that everyone, not just individuals, is called
for action. Waiting or the attitude “we don’t need
it, it’s working” should belong to the past in this in-
dustry-wide process. The greatest challenge is to be
open towards innovative technologies and to build
up step-by-step the required professional and person-
al qualifications.

Al applications already implemented in practice
range from structural and civil engineering, technical
building automation, monument preservation, form-
work and tunnel technology, timber construction,
fire protection and smart cities. As the survey results
show, the greatest challenge consists in developing
a digital agenda that suits the company and defining
the fields of application of Al in Construction Indus-
try [2425)

While Part I of this article deals with practical
examples of success and key factors for sustainably
successful digital innovations, Part II of the article
deals with the “dark” side of digitization, which is—
especially in the scientific research-recommended as
integral part of the guide.

2. Materials and methods

The study is part of a larger primary research and
uses the qualitative method **. 50 expert interviews
were conducted over a period from 2019 to 2021. A
comprehensive literature and database research was
implemented with a structured literature analysis
(Figure 2), supplemented by interviews with select-
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ed interdisciplinary experts, with a response rate of
90% (Figure 3).

Structured Literature Analysis Source: Bianca Weber-Lewerenz

*Google Scholar, Science direct, Web of Science, ASCE
*Key words e.g. Construction, Construction Industry, Al,
Digitization, BIM, Digital Transformation, Ethics, CDR,

Responsibility, Value-based Engineering

Internet- and
Database:

Research with key
words

Targeted
selection of
relevant literature
sources

*Scientific Ranking of Publications

*English- and German Literature

*Evaluation of Abstract, Reference sources
and approaches of innovations

#Qualitative Method of Research

*Expert interviews with
guidelines

sState of the Art

*Body of Knowledge, Allocation
of question of research and
field of research

*Primary study

Allocation to the
area of use in

own research

Figure 2. Structured literature analysis.

Source: Bianca Weber-Lewerenz.

Qualitative Method at a glance

Application of the qualitative, structured Method of Research
Personal and written Interviews, personal exchanges, Observations (personal or via VideoCalls),
Documents (Media reports and -data), Email- Communication, Round table discussions
> National and international sources: Research Literature, Books and Journals, Exchange with experts at
international virtual discussions and platforms, Cyber-Forums, Al and Ethics Roadshows, Summits,
Presentations, Interviews, Group discussions and observations/Follow-up of Media reports.
» 50leading Experts from Industry, Research, Transfer institutions and Expert platforms:
- 20 Al and Ethics experts from F&E, Clusters, academic departments in Civil Engineering
- 30 Representatives from Industry & Politics, Associations for sustainability and
Digitization, Corporate global players, Best Practices from large and SMEs, Start-ups
>  Systematic generation of Data based on Status Quo, Tendencies, critical reflections and constructive
approaches for dealing with the digital transformation in Construction.
»  Period of Interviews: the first round of expert interviews from 2019 to 2021,based on partially
standardized scientific questionnaires with evaluation accarding to MAYRING

> ‘ 90 % Rate of Feedback (1st Round of Survey)

Figure 3. Qualitative method.

YV

Source: Bianca Weber-Lewerenz.

The interview surveys are based on partially
structured scientific questionnaires and field notes.
In addition to experts in companies from the fields
of innovation, digitization, technology development,
representatives of German and international civil en-
gineering associations, chambers of crafts and con-
struction associations, departments in ministries that
were set up specifically for digital transformation, re-
search and educational institutions, institutes for eth-
ics and Al were involved. Their shared experience,
including observations on the lack of framework
conditions, contributes to the systematic generation
of data. Well-founded knowledge about motives for
action, needs and their critical reflections helped to

develop constructive approaches. Literature sources
in other disciplines, that deal with similar research
questions, proved to be particularly informative for
the Construction Industry *"*”). Here, the study aims
to anchor the Construction Industry in the interdisci-
plinary scientific debate led by trustworthy Al.

The Internet search for the terms Construction,
Al, Digital Transformation and Ethics resulted in the
publications of the author appearing immediately,
who is specifically dedicated to this interdisciplinary
interface research. Other sources of literature are
either dedicated only to certain areas or too far from
the subject. However, these new scientific literature
sources offer important access to further research.

Al methods in large and small companies and
in medium-sized companies are still in a very early
implementation phase. The research field is new ter-
ritory and Al is increasingly being used for research
purposes in test runs. Therefore, recommendations
and observed trends that experts consider important
for the bigger picture and share in the interview sur-
veys make up a majority of the responses. Expert
interview surveys were designed and conducted to
gain more information on implementation projects of
digitization and Al in companies in the Construction
Industry. This allows approaches to be derived as to
how companies can be better supported in the de-
velopment and introduction of their own digitization
strategy, and which necessary framework conditions
are to be determined. In the scientific investigation,
the insider knowledge of the experts on processes
and decision-making structures within an organiza-
tion is of particular interest.

Open questions enabled us to critically investi-
gate the status quo, to define barriers, and to obtain
empirical values and personal assessments—evalu-
ated against the background of explicitly stated cri-
teria, such as e.g. the compatibility with social val-
ues and sustainability. These include, in particular,
environmental compatibility and a humane, sensible
implementation. For the selection of the interviewed
experts, the design of the interview survey and
questions with categorization, the question of the
research work was largely guided by the previously
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determined objective of the investigation in the new
research field: Where is corporate digital responsi-
bility (CDR) to be assigned and how shall an ade-
quate ethical framework be designed to support dig-
ital innovations in order to fully exploit the potential
of digitization and AI?

An excerpt of the interview questions shows how
this new field of research was approached:

1) How do you assess the status quo of digitiza-
tion and artificial intelligence (Al) in the construc-
tion industry?

2) How great is the need for information on digi-
tization and AI? (Scale 1-10)

3) Do you use these? If yes, what are your experi-
ences?

4) What risks and problems do you see in the use
of digitization and AI?

5) Where do you see the potential of ethical
frameworks and standards for the use of digital tech-
nologies and Al in construction?

6) Is it important to regulate the ethical frame-
work by law? (Scale 1-10)

7) Where do you see areas of application for dig-
itization and artificial intelligence (Al) in the con-
struction industry?

8) Your company is increasingly using digital
methods and Al. What ethical standards and frame-
work conditions do you think are necessary for re-
sponsive handling in construction companies, espe-
cially with data?

9) How high do you estimate the need for new
digitization technologies and Al in construction?
(Scale 1-10)

10) And what are the most important skills of en-
gineers—professionally and personally—to success-
fully face the challenges of digital transformation?

11) What limits and risks does a company ex-
perience when implementing digitization and what
opportunities arise? (e.g. in the areas of technology,
people and specialists, corporate structure, ethics,
mission statement, law, politics, etc.)

The basis of the considerations is an identical in-
terdisciplinary environment, as the research question
itself addresses: These are the theories and approach-

es from Human-Technology Interaction, Ethics in
AI and Robotics ">, Technology Ethics, Digital
Ethics, Philosophy, Social Ethics, but also Business
Ethics. These technically diverse perspectives help to
answer the research question holistically at this inter-
face. In order to give the research field a name and to
promote its expansion "***, the author founded the
“Excellence Initiative for Sustainable, Human-Led
Al in Construction” in 2020.

Ethical questions in the digital change in the
Construction Industry raise in the field of social and
environmental responsibility: Climate and environ-
mental problems are recognized, but the potential
for long-term cost savings, the achievement of sus-
tainable development goals and the expansion of the
value chain through digital corporate responsibility,
which is supported by a lived culture of values are
guided by ethical principles, but only used to a lim-
ited extent ®*'. In order to achieve sustainable inno-
vations such as digital methods and Al, ethical deci-
sion-making processes should be institutionalized in

corporate culture worldwide "%

3. Best practices—Key competence
“Al—Made in Germany”. Challeng-
es and innovation champions

The study extends the current body of knowl-
edge with new insights on the acceptance of new
technologies such as Al through practical use cases,
and on how new technologies are already being used
responsibly. Examples consist of the targeted struc-
turing of complex data and image and object recog-
nition by Al, which significantly simplifies processes
in planning, implementation, monitoring and logis-
tics. Further examples representing the use of digital
methods with the help of the digital twin are the vis-
ualization of the planned end product with its techni-
cal equipment with a simulation of user behavior and
energy consumption, possible risks, environmental
and social impacts and intelligent communication,
e.g., in Smart Cities. Some companies are pioneers
in the end-to-end digitization of all processes, in
visual object identification and in the automation of
engineering tasks. The term Best Practice has also
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become firmly established in scientific publications.
This refers to application examples that act as role
models by sharing the experiences they have already
gained and encouraging other companies to define
their innovative path, taking into account their own
potential and the challenges they face. There are
no instructions or manuals that serve as a generally
valid template for action or as the only correct way.

3.1 Best practice WAYSS & FREYTAG,
PERI, APLEONA

In the interview surveys, companies share the
state of the technology based on experience in im-
plementation and provide estimated tendencies and
outlooks. The first prototypes of Al solutions have
been created (Figure 4). In 2020, interviewed digi-
talization experts in companies forecasted 12 to 24
months for the operationalization phase. There are
potential and already concretely implemented areas
of application for digital methods and Al. They en-
able digital online construction site inspections with
VR glasses, simulation of renovation, acoustic and
fire protection concepts, Al-supported sensors for de-
tecting and detecting defects/damage and monitoring
of installed concrete (e.g. PERI), Al monitoring and
controlling of the construction progress, forecasting
and strategy data systems as a basis for entrepre-
neurial decision-making (predictive technologies).
Technologies that use Al, such as 10D twins, offer
a real-time display of time and costs as construction
progresses. The effects of planning changes can be
demonstrated to the customer; more transparency
and illustration strengthen customer trust and ensure
corporate compliance. The interviewed experts con-
sider one of the most important advantages, the more
sustainable, resource-saving, energy-efficient and
environmentally friendly work throughout the entire
construction life cycle in the innovative technologies
in Construction. Highlighted examples underline the
practical cases of application.

PERI is working on two subject areas for possi-
ble pioneering fields of application of Al: 1) Visual
object identification and 2) Automation of engineer-
ing tasks. In an interview conducted with the author

PERI's Chief of Digital Transformation & Corporate
Development, explains more about this: Neural net-
works enable part recognition on construction sites.
Prototypes in test phases already exist here: Instead
of the previous QR codes on the material, RFID
chips and image recognition localize the building
material via GPS transmitters. In the area of engi-
neering automation, we try to solve the engineer-
ing tasks in a data-driven manner using historical
data and the use of appropriate models. We are still
reaching the limits of computing capacity. Stadel es-
timates the potential of Al fields of application in the
entire building/object life cycle of a structure to be
very high; Technical Building Automation, Facility
Management in particular could perform more effi-
ciently: Al applied in hazard detection via sensors,
tunnel construction, bridge construction (e.g., col-
lapse in Genoa), developing logic for data evaluation
for automation/robotics, minimizing hazards, could
shape construction sites safer and smarter.

PERI, Wayss & Freytag, APLEONA and oth-
er construction companies emphasize the search
for meaningful fields of application of Al, geared
towards the benefits for everyone involved in the
process. This is seen as the mission-critical path of
digital transformation of the Construction Industry.

The study identifies the willingness to change and
costs for innovations as the biggest barriers that com-
panies encounter in digitization and Al - both invest-
ments in the future and part of change management.
The industry is traditionally highly fragmented, each
company tests individually, smaller companies often
lack the financial background, large corporations are
sufficiently financially strong for research and devel-
opment. They often have independent departments
and their own research. The fragmentation of the
trades represents a major challenge.

Access to a uniform data platform of the model
is guaranteed for all project participants with end
devices at any time, from any location, without data
loss. The BIM extended with Al therefore seems to
make sense in the first step, as Al experts confirm.
For Wayss & Freytag Ingenieurbau, the biggest
obstacles to the use of Al consist in the lack of con-
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sistency in the digital process, time-consuming data
management on the construction site, and missing
or legally uncovered data security (data availability,
further use and use of the data).

Companies Al-Solutions

APLEONA

Predictive Maintenan ce:

utornized Technical Building Equipment”

b Autarmization of Engneeringtasks
it Dt

WaYSS & FREYTAG
(Subsidary of Royal BAM Group)

&) Workflowupto 7-D consi

b} Modeling Deep Le: in the Modeling Phase
i

fertification of parts

) Parametric Design (Architecture)

d)* Generative Design”

€1 Visual Object Recogntion

Further Projects ESKIMD = Re search project for Al-Application on construction sites

(Wt oo Eskinno-projekt. defy

AVINEI Chransite Prograrm” wwv. leonardyinc.co )

Figure 4. Three use cases.

Source: Bianca Weber-Lewerenz.

3.2 Best practice—Research project SDaC—
Smart design and construction

With its research project, SDaC aims to reduce
resources, apply efficiently and consistently digitized
processes offering data transparency in real-time.
Innovative technologies offer the best methods for
data acquisition, ensuring its high quality, maintain-
ing the desired speed of processes and more secu-
rity. The SDaC Team noted in the interview with
the author, that they are developing a platform that
enables organizations in the construction industry to
easily access information and use it intelligently with
added value. Al as a key solution offers automation
of repetitive processes, user feedback increases the
quality of forecasts, reduces errors and increases
quality, leaves time for creative work and other ser-
vices, supports decisions and reduces complexity of
both data and processes and strengthens corporate
competitivity via new digital business models.

The recognized application possibilities of Al
range from image and object recognition, award-
ing, supply chains, planning automation, shortage
prediction to deadline forecasts. For example, the
target/actual comparison of construction time and

construction budget can be monitored in real-time
and occupational safety can be increased through Al-
based risk detection. The monitoring of construction
machines, utilization and capacity per trade enables
machine downtimes to be reduced and efficient utili-
zation to be ensured. Al is part of occupational safety
and risk management. Al image recognition sup-
ports quantification and type recognition of different
sleeves and generates measurements with real-time
invoicing. Performance deviations are signaled,
which significantly improves documentation.

4. Discussion and limitations. Sign-
posts in the digital transformation—
Part 1

The study, part of a larger primary research on
CDR in Construction 4.0, expands the existing
knowledge with an overview of the most important
key drivers of digital transformation. The changes
that the entire value chain in the Construction branch
is undergoing affect society and people as a whole.
The study provides new insights into value-based
approaches in dealing with Al, which accounts for
the sustainability of innovative technologies. The
research aims to gain the intersection of research
trends and developments of national, European and
international strategies. The results support future
research in the development of a sustainable digital
transformation in the Construction sector and getting
engaged in the global debate. The central challenge,
as this study concludes, is to use the potential of
technical feasibility for businesses, to counteract the
increased risks of cyber attacks and to ensure the
preservation of values and rights. The surveys con-
clude that innovative and technical progress can only
succeed through measures that provide orientation
and strengthen the will to innovate in the Construc-
tion Industry on the basis of a digital agenda adapted
to the company. Best Practices highlight: Respon-
sible corporate design is crucial for the success and
sustainability of modern digital technologies and Al.

This research aims at a more sophisticated un-
derstanding - beyond technical hype - of how Al is
used in practice, taking into account the unintended
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consequences. An appropriate legal, ethical and tech-
nical framework can be derived. Due to the serious
impacts on people and society, the study recognizes
a strong need: Technical feasibility requires more
social responsibility. In order for the construction in-
dustry to be able to set its agenda in accordance with
the European Al strategy and the UN sustainability
goals - according to a derivation of the study re-
sults—the discourse must also be conducted here at
all political, economic and social levels °"** (Figure
5).

Important Milestones of the European Al Strategy

November 2022 - German National Digital Strategy (Part of the International Digital Strategy)

November 2022 - Digital Markets Act DMA (EU)

Oktober 2022 - Digital Services Act DSA (EU)

July 2022 - New European Innovation Agenda (EU)

June 2022 - Strategic Forecast 2022: Interlocking of Green and Digital Change in the new geopolitical context (EU)
November 2021 - Al Act

November 2021 - Digitization Strategy (Coalition Contract 2021)

September 2021 - New Standard IEEE7000-2021. Value-based Engineering.

April 2021 - Promoting a European approach to Al

April 2021 - Proposal for a regulation with harmonized rules for Al

April 2021 - Updated Coordination Plan for Al

October 2020 - 2nd Assembly of the European Al Alliance

February 2020 - White Paper on Al: a European approach to excellence and trust

June 2019 - 1st Assembly of the European Al Alliance
April 2019 - C ion: Building trust in h
April 2019 — Ethical guidelines for trustworthy Al
December 2018 - Coordination plan on Al (“Al - Made in Europe” - press release)

December 2018 - Stakeholder Consultation: Draft Ethical Guidelines for Trustworthy Al
November 2018 - European Digital Strategy

June 2018 - Launch of the European Al Alliance

June 2018 ~ Establishment of the High Level Expert Group on Al (AIHLEG)

April 2018 — European Al Strategy (press release “Al for Europe”)

April 2018 - Commission Staff Working Document: Liability for Emerging Digital Technologies
April 2018 — Declaration of cooperation on Al

artificial i

Figure 5. Important milestones of the european Al strategy.

Source: Bianca Weber-Lewerenz.

Innovative technologies enable intelligent, resil-
ient ecosystems, such as Circular Economies, Cradle
to Cradle, Smart Cities. All the experts interviewed
confirm that the construction industry can only meet
its responsibility and exploit technical, social and
human potential by overcoming its traditional barri-
ers toward a radical rethink. The critical examination
revealed that the social, economic and political in-
fluencing factors that innovative technologies bring
with them have so far remained unconsidered. CDR
in Construction offers such an approach, not only to
research ethical and social aspects of technical feasi-
bility, but also to define the framework conditions for
a “healthy” human-technology interaction. Despite
numerous interdisciplinary types of research, the
discourse in the Construction Industry is still hesi-
tant. However, the study encourages such processes
through further research. It became apparent that the
transfer of knowledge and scientific communication
between research and practice is increasingly being

recognized as a central lever for raising awareness
and the sustainable success of the digital transforma-
tion. This study crystallizes the critical path, defines
the factors that depend on or influence each other,
and focuses on the essentials, namely increasing
awareness of one’s values when developing and us-
ing new technologies. It is becoming increasingly
noticeable at all levels and areas of responsibility in
the Construction Industry: Innovative technologies
are catalysts in shaping Construction 4.0. Virtues and
values are more valuable today than ever.

The majority of large and SMEs are looking for
their own digitization strategy, often do not have the
financial means or feel left behind. The study results
show that many companies are in a saturated envi-
ronment and are benefiting from the success of the
past year. You see no need to switch to digitization. It
is precisely these companies that exclude themselves
from digital project orders because they cannot jump
on existing digital project infrastructures. Unable
to answer tenders digitally, not being able to handle
projects digitally, requiring to first check data in the
office instead of a single digital platform accessible
whenever and wherever needed and not offering em-
ployees a common, uniform digital infrastructure—
such companies are not sustainable. Regardless of
the size of a company, clients increasingly place
their trust in and sign project contracts with modern
companies that deal with the invested budget in a re-
sponsible, economical, transparent and high-quality
manner. These represent selection criteria for gradu-
ates and highly qualified workers to select attractive
employers to work with.

The cooperation of industry and SMEs with tech-
nology start-ups, the formation of regional networks
and clusters and exchange of knowledge between
research and user practice without language barriers
are seen as the most important solutions. Start-ups
that localize Al application options and introduce
and train the technological solution suitable for the
company are particularly suitable for SMEs. The de-
velopment of knowledge about digitalization and Al
and responsible handling offer the key to entrepre-
neurial success. Times of crisis like the COVID Pan-
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demic prove once again that digitally well-positioned
companies are flexible and resilient in their actions
and work without significant interruptions.

In order to do justice to their design influence,
companies require ethical standards, based on corpo-
rate self-commitment.

As the research deepens, the central question
remains: How do people and society master this
balancing act between technical feasibility and re-
sponsibility? What measures must be taken to adapt
the existing framework to the new challenges of the
digital era? And what are the defined consequences
if entrepreneurial self-commitment is not enough?

Sustainability requires a holistic understanding
of all influencing factors, in particular the effects on
the resources that we need but at the same time want
(must) protect. A radical rethink is required for sus-
tainable technical, social and human change in the
construction industry. This change could also send
an important positive signal for Germany as a for-
ward-looking location for research and teaching in
this new scientific field.

5. Results and conclusions

Innovative technologies that are used sensibly and
responsibly help the Construction Industry to master
the challenges of the digital age more efficiently and
sustainably. They foster a multidisciplinary, inclusive
environment. CDR represents an essential approach
for a balanced human-machine interaction and
strengthens a new culture of thinking. The results of
the study show that engineers, architects, designers
and craftsmen are not only designers of built living
environments, but of technical and human change
as a whole. Sustainability can only be achieved with
the help of an ethical and legal framework that offers
orientation in the complexity of technical feasibili-
ty and data volumes and protects social and human
values. It also requires a radical re-thinking of this
traditionally conservative industry.

The evaluation of the interview surveys shows
that digital methods and Al bear great potential in
many areas, for example setting up competitive, in-
novative business models. In addition, this industry
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inherits an important role model function across bor-
ders, laying a new foundation with adjusted curricula
and data sovereignty.

The study assumes that pioneers in the Construc-
tion Industry send strong and positive signals when
navigating innovative technologies in Construction
4.0. Given the severe environmental and socio-eco-
nomic impacts of global challenges not limited to
this industry, the Construction Industry around the
globe could set a milestone with an innovative agen-
da. In order to take into account, the entrepreneurial,
social, legal and political aspects that are critical to
the success of digital transformation, which makes
up a significant part of the value chain for the Con-
struction Industry, it is urgent to further expand this
new research field. Further research work should be
devoted in particular to the protection of data, hu-
man rights and diversity, so that security, acceptance
and trust can be created among the designers of this
branch, which is still very reserved. The study sees
the most important approach in setting up a legal
framework that is appropriate to the technical feasi-
bility to secure personal rights and data sovereignty.

Future research should work to integrate other
trends and key issues into this CDR concept to create
a common map of the drivers of digital transforma-
tion in construction.

This research bears diverse highlights. The in-
creasing scientific interest has led, among other
things, both to a joint study with Fraunhofer Institute
on Al in Construction and to the founding of the
“Excellence Initiative for Sustainable, Human-Led
Al in Construction” by the first author in 2020, as
well as the research cooperation with the Institute
of Sustainability in Construction (INaB) at RWTH
Aachen University, Germany. The Initiative provid-
ed external scientific support to T20 - Task Force
Groups for digital transformation and innovations in
2021, 2022 and 2023 in preparation for the G20—
Summit Papers. In December 2022, RESER Inter-
national Conference awarded the first author with
the RESER Founder’s Ph.D. award recognizing its
scientific contribution. SACAIR, an affiliate of the
Centre for Al Research (CAIR), which represents
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a world-class Al research capacity in South Africa
and key multiplicator of this research — for the first
time — created two new scientific fields “Socio-tech-
nical and human-centered AI”’ and “Responsible and
Ethical AI”. The first author's paper were embedded
in the new niche. The first author co-authored the
book “Impact of Women Empowerment on SDGs in
the Digital Era” which is part of the recent European
Council Calls in December 2022 for shaping safe
Al as the pillar of the Al Act. In December 2022 she
published her two books summarizing this primary
research in cooperation with SPRINGER Publishing:
“Accents of Added Value in Construction 4.0—Ethi-

cal Observations in Digitization and AI”.
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A higher cooling load is required with an increas-
ing room temperature that resulted from the high
thermal conductivity and low time lag of conven-
tional construction materials . Such a high cooling
load increases the carbon footprint from the energy
consumption during building performance. The con-
dition can be worsened with the urban heat island
phenomenon, as the cooling load prolongs to night
time for maintaining indoor thermal comfort. Hence,
structural lightweight concrete (SLC) serves as an
alternative in concrete structures for reducing the
carbon footprint during building performance. Coun-
tries with tropical climates have the highest amount
of energy consumption for cooling loads. SLC may
significantly reduce the cooling loads within the
structures’ service life. The indoor environment is

*CORRESPONDING AUTHOR:

sealed from outside weathering with building form
in achieving human thermal comfort. Apart from
roofing, the wall is the major component in building
form with predominant exposure to heat transfer.
Heat transfer mechanism through conduction, con-
vection and radiation increases indoor temperature
and requires higher energy for reducing the tempera-
ture. Roofing and wall components contented higher
areas for heat transfer mechanism. A lightweight
concrete block and SLC comprising load-bearing
members and a non-bearing wall is a sustainable
solution for the concrete construction industry.

The outdoor wall experiences different tempera-
ture patterns throughout the day as a result of varying
thermal loads, such as solar radiation and infrared
exchange between the wall and its surroundings that
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retains thermal capacity. Heat waves transmit from
the external wall surface to the internal ends, which
increases the room temperature and thence decreases
occupants’ comfort. While in transition, the intensity
of the heat wave dwindles as it penetrates the inner
surfaces of building walls, causing a delay in the
transfer of heat. The reduction in the intensity of heat
waves is referred to as the decrement factor, while
the delay in the transfer of heat at an appropriate
time is termed time lag. Assessing these parameters
offers a means of gauging the level of thermal com-
fort provided by the building envelope, prompting an
investigation into the energy-saving potential of the
materials used in the building.

Thermal properties include specific heat capacity,
thermal conductivity, thermal diffusivity, decrement
factor and time lag that affect materials’ thermal
performance. Specific heat capacity shows the ma-
terial’s heat storage through the decision on the
amount of required energy for increasing the mate-
rial’s temperature by 1 Kelvin or degree Celsius in a
unit mass. Materials with high specific heat capacity
assist building envelopes’ performance in achiev-
ing a higher level of thermal comfort through the
indication of consistent room temperature without
the influence of fluctuating outdoor temperatures.
Thermal conductivity refers to the heat conductivi-
ty’s inclination of a material in a motionless state. As
such, room comfort is achievable through the usage
of low-thermal conductivity materials for ideal ther-
mal performance. Thermal diffusivity accounts for
a material’s thermal conductivity and specific heat
capacity. Room comfort within a building envelope
is undeniably warranted through low thermal diffu-
sivity material with high specific heat capacity and
low thermal conductivity.

While investigating the dynamic thermal char-
acteristics of concrete materials, time lag and dec-
rement factor are the two indicators of energy con-
sumption prediction for building performance. In the
study of Lee et al. ¥, SLC may reduce a significant
amount of energy for the cooling load if compared to
the normal concrete, with other parameters remain-
ing constant. The research has enhanced sustainable
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features with the introduction of agro-industrial
waste of palm oil shells into a lightweight concrete
matrix. The dynamic thermal characteristics of con-
struction materials acquired professionals’ attention,
for the potential optimization of the thermal perfor-
mances of a building envelope.

In response to the superior characteristics of
thermal performance, concrete strength needs to be
studied for a higher-performance application. As the
air voids are the heat insulation layer in the concrete
matrix, the voids also adversely affect the concrete
strength. Traditionally, lightweight concrete gains
lower concrete strength ', with the same proportion
of cement, aggregate and water, compared to con-
ventional concrete. However, with reference to the
ACI specifications of structural concrete, a 24%-
28% density reduction resulted in 40%-50% energy
savings, compared to conventional concrete, in ac-
cordance with the energy analysis from Lee et al. ).
A balance is required for satisfying both design spec-
ifications of structural strength and thermal insulat-
ing properties.

In a brief, low specific heat and conductivity are
specifically desirable in the tropics’ construction in-
dustry. Specific thermal performance characteristics
(i.e. high time lag and a low decrement factor) are
essential for slow heat transfer from the outdoors to
indoors within a longer time period through low heat

dispersion ™.
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ABSTRACT

Transformable architecture is totally linked to the study and knowledge of geometry. There are some materials
in nature, whose geometric invariants establish equivalent structural behavior regarding the scalar transformations,
developing different spatial typologies according to dimensional variation. Auxetic materials are characterized by their
negative Poisson’s ratio. They can change their geometric configuration from a line to a surface, and from a surface
to a volume or spatial framework. This paper is based on establishing and comparing those stellated reentrant auxetic
geometries to be able to build new spaces defined by their capacity for architectural transformation, studying analytically
geometric properties of stellated reentrant auxetic structures that, from the molecular to the macroscopic level, can be part
of the architecture construction. In this investigation, a comparative study by means of CAD of stellated reentrant auxetic
patterns has been realized. A Computer-Aided Design study of stellated reentrant auxetic structures will be realized to
use them in architecture. The geometric behavior of the different stellated reentrant auxetic patterns is analyzed from
the developed study to generate a systematic comparison, evaluating properties of these forms, such as their maximum
achievable area reductions in relation to the total length of bars of the structure, in order to obtain a growth factor.
Keywords: Transformable; Architecture; Geometry; Auxetic; Stellated; Reentrant; CAD; Growth factor

1. Intl'OdllCtiOH The POiSSOl'l ratio, V= detrans/d axlala 8trans and 8axial, can
express mathematically the change of dimensions.
When a material is stretched in one direction, it  They are the cause of axial and transversal elonga-

normally loses section in the perpendicular direction.  tions or contractions when the material contracts
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or expands in the perpendicular way. Colloquially
speaking, v; is the Poisson ratio that expresses an
clongation in the ‘j” axe when a flattening is applied
in the ‘1" axe. Classical structures conserve their vol-
ume because they have a positive Poisson’s ratio. If a
structure thickens in all directions when pulled it and
the same structure narrows when compressed it, it is
an auxetic structure. A negative Poisson’s ratio (NPR)
is the characteristic of these types of structures "',
It has been studied the auxetic properties of artificial
materials (Gore-Tex®, foams, polymeric foams) and
natural materials (skins, some minerals ...), devel-
oping molecular auxetic patterns to obtain auxetic
structures ",

Novel manufacturers have been designed by the
utilization of auxetic patterns. Minimally invasive
implantable devices, morphological structures of the
forms and smart expandable actuators are the main
areas of application ', Devices utilized for the de-
velopment of drop-down satellite antennas like shape
memory auxetics alloys (SMA) also exist " They
are based on auxetic patterns and they are utilized as
intelligent actuators. Several post-processing steps
were initiated in some research on the behavior of
polyurethane foams with shape memory and auxetic
properties *\. The characteristics of some auxetic
patterns of a new development of expandable stents
in the field of medical appliances have been tested .
But, at the moment, the utility of these materials and
their geometric behavior in the architecture size are
unknown. Auxetic patterns can generate new mod-
els with novel transformable geometries. They will
produce useful properties in order to generate novel
deployable geometries by designing tasks. These ge-
ometries will be used for the development of novel
transformable architectures.

Novel manufactures have been designed by the
utilization of auxetic patterns. Minimally invasive
implantable devices, morphological structures of the
forms and smart expandable actuators are the main
areas of application . Devices utilized for the de-
veloping of drop-down satellite antennas like shape
memory auxetics alloys (SMA) also exist ", They
are based on auxetic patterns and they are utilized as
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intelligent actuators. Several post-processing steps
were initiated in some researches on the behavior of
polyurethane foams with shape memory and auxetic
properties '*). The characteristics of some auxetic
patterns of new development of expandable stents in
the field of medical appliances have been tested .
But, at the moment, the utility of these materials and
their geometric behavior in the architecture size are
unknown. Auxetic patterns can generate new mod-
els with novel transformable geometries. They will
produce useful properties in order to generate novel
deployable geometries by designing tasks. These
geometries will be used to the development of novel
transformable architectures.

Some auxetic and potentially auxetic patterns,

10 :
» 01 <chiral” and

normally classified as “reentrant
“rotating” have been described in anterior investi-
gations and researches. Sometimes, at the molecular
level only a scheme of the pliability process of auxe-
tic patterns is presented. This study occurs when the
structure is submitted to uniaxial efforts and it is not
enough """, Information at the architectural scale is
only provided for rigid knots in the re-entrant hex-
atruss structures. So, it is important to study about
other attributes of some auxetic geometries, realizing
a comparative and systematic analysis. It would be
interesting to generate novel deployable structures
applicable in architecture '

In this research a comparison of CAD separate and
2D geometries of stellated reentrant auxetic patterns is
shown. The methodology of the realized research pay
attention on develop some stellated reentrant auxetic
patterns by means of CAD of three unity geometries
and three 2D models, from the knowledge acquires in

[13] [14-16]

anterior investigations and conferenc-

12,13
CS[ i

, patents
, and own researches.

The nature patterns and the models that have
been generated by other authors in sizes different to
architecture have rigid knots. The present research
works with the behavior when these patterns have
articulated knots. The research is a theoretical in-
vestigation applicable to understand the aptitude
of pliability in structures suitable for architecture.
The results are theoretical too, and materials are not
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taken into account.

When the Computer Aided Design approach is
developed, the geometrical qualities of some stellat-
ed reentrant auxetic patterns were tested and com-
pared, focusing on the particular behaviors of those
patterns apt for the development of transformable
structures for architecture . A growth factor will be
obtained from the maximum area reductions of the
structures (the relation between the additions of the
total length of all the bars of the structure and their
areas).

This research is the only investigation of compar-
ison of stellated reentrant auxetic patterns in archi-
tecture done so far. A lot of patterns could be verified
changing the dimension of the length of each bar of
the separate structure. So, the geometric studies on
these patterns could be infinite. The comparison of
geometric changes for the same structure will not be
realized. A comparison between regular unity pat-
terns and regular 2D patterns will be carried out.

The research is supported by geometrical basic
criteria.

2. Methodology and objectives

According to Yanping Liu & Hong Hu ¥, aux-
etic structures are classified in different groups de-
pending on its geometric configurations: Reentrant
structures, chirals, rigid or semi-rigid rotating units,
laminated angular layers, microporous polymers
and crystalline liquid polymers. For architectonic
structural elements usage, the proposed ones are:
Reentrant, chirals, rotating units and microporous
polymers.

In this article, the stellated reentrant structure, in
its different variations, has been modeled in CAD
software, firstly as individual pattern, in order to
combine with itself and check the geometrical plia-
bility conditions according to the chosen group con-
figurations. The auxetic existing models with rigid
knots have been studied. These auxetic models with
rigid knots have been drawn in the CAD software
like articulated structures that can be deployed. The
work by flexion of the bars of existing models of
two dimension stellated reentrant auxetic structures
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is transformed in a simple work of traction and com-
pression. These patterns include the repetition of
the unity pattern in order to form a planar structure
(Figure 1). Depending on the repeated geometry this
lattice will generate forms that can grow of quadran-
gular or circular form.

Figure 1. Generation of 2D pattern from the unity pattern, own
elaboration.

The target is checking in a geometrical form the
structural behavior of these geometries through the
developed of a CAD library. The characteristics of
some stellated reentrant auxetic patterns will be test-
ed and a systematic comparison will be established.
It will be connected the singular characteristics of
those patterns useful to the development of trans-
formable structures applies in architecture. A growth
factor will be obtained from the maximum area re-
ductions of the structures (the relation between the
additions of the total length of all the bars of the
structure and their areas).

3. Geometric study of stellated reentrant
auxetic structures

The stellated reentrant auxetic structures have
been developed with the computer-aided design
program. These structures have been drawn in dif-
ferent positions to understand their geometrical be-
havior. As stated by Darcy Thomson "' in his book
“The growth of form”, all our form concepts must
be linked to magnitude and direction. The reason is
that the object’s shape can only be defined by the
knowledge of its magnitude, real or relative, in some
directions; and growth implies the same concepts of
magnitude and direction, in relation to one more di-
mensional concept: Time.

In similar geometries the surface increases with
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the square, and the volume with the cube, of the lin-
ear dimensions. Having calculated that a small wad-
ing bird, the stilt, weighed 120 g. and that its legs
measured 20 cm, it was supposed that a flamingo,
which weighs more than 2 kg, should have legs 3 m
long, to keep the same proportion. But it is obvious
that, with the weights of both birds in the proportion
of 1:15, the legs length (or any other linear dimen-
sion) will vary as the cube root of these numbers, ap-
proximately to the proportion 1:2.5. And according
to this scale, the flamingo’s legs should be as they
really are, about 50 cm in length.

Although length growth and volume growth
(which are usually equivalent to mass or weight) are
parts of the same phenomenon or process, growth in
the first case is remarkable. For example, a fish dou-
bling its length multiplies its weight by at least eight;
to double its weight, it is enough to go from 10 cm to
12 cm in length. Secondly, the correlation between
length and weight in some animals is understood. In
other words, determining the value of k in the for-
mula W = kL3, allows us to relate one magnitude to
the other at any time.

The scaling effect does not depend on itself. It de-
pends on its relationship with its entire environment.
One of the most common scaling effects is caused by
some physical efforts acting directly on the surface
of a body.

There is a principle of dynamic similarity where-
by the “dimensions” remain the same in equilibrium
equations, but the relative values are altered with
the scale. Numerous architectural projects have been
based on principles of nature "',

Possible positions in space of some auxetic stel-
lated reentrant patterns have been developed from
they are fully folded until their maximum opening
is achieved, achieving a variation of their surface or
volume with the same mass. The target is to know
the opening and closing conditions of the angles
generated in nodes, to determine if these turns are
superficial or spatial and in which directions they are
generated according to the geometric conditions of
the imposed structure.

The relationship between the amounts of material
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used and the surface obtained is also analyzed, by
the 2 dimensions structure analysis. For this purpose,
the total length of all bars used in the design of each
pattern will be counted, as an analogy to the quan-
tity of material. To know these amounts of material
in mass units, specific sections of bars and specific
materials should be defined. In this research, the aim
is to find a general theoretical behavior, so the length
identifies perfectly those linear elements utilized. A
relationship (K) between the area (A) and the length
(L) will be given, in order to understand the growth
values of these special structures. The surface of
each pattern will correspond to the square, circum-
ference or polygon (as appropriate) where the figure
is registered. From the division and subtraction of
K. and K., growth factors FC (:) and FC (-) of
each structure will be obtained.

Individually applicable patterns and their possible
combinations are developed to generate structural
developments based on size, as well as transform ar-
chitectures that follow new geometric developments
into deployable auxetic architectures. The auxetic
models that will be studied geometrically will be the
stellated reentrant auxetic structures. These stellated
reentrant auxetic models can be generated from pol-
ygons (regular or irregular) by dividing their faces in
two and folding those inwards (outward behavior is
not auxetic).

The geometric variations on these patterns have
no end. It could be verified a lot of behaviors by
changing the dimension of each bar of the individual
pattern that affects the whole group. However, the
structures will be studied for totally regular patterns,
with the aim of carrying out a comparative study be-
tween all of them where it can be visualized how the
shape affects the growth capacity of the structure in
an auxetic way.

4. Developed auxetic patterns and
their foldability

4.1 Unity pattern

The behavior of different unity patterns of auxetic
stellated reentrant auxetic structures is analyzed as a
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function of their geometric parameters. To generate
these structures, the number of vertices that attack
the central core in the individual pattern has been
varied, achieving different properties. In this way, 3,
4 and 6-point individual stellated reentrant auxetic
structures have been considered, in such a way that
the behaviors of Figures 2, 3 and 4 can be appreci-
ated:

A

Figure 2. Unity of stellated reentrant structure of three points,

own elaboration.

I B AR
X GALC I ]

Figure 3. Unity of stellated reentrant structure of four points,

own elaboration.

Figure 4. Unity of stellated reentrant structure of six points, own

elaboration.

4.2 2D pattern

The behavior of different 2D patterns of auxetic
stellated reentrant auxetic structures is analyzed as a
function of their geometric parameters. To generate
these structures, the repetition of the unity pattern in
order to form a planar structure has been established,
achieving different properties. In this way, 3, 4 and
6-point individual stellated reentrant auxetic struc-
tures have been considered, in such a way that the

behaviors of Figures 5, 6 and 7 can be appreciated:
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Figure 5. Set of stellated reentrant structure of three points, own
elaboration.

Figure 6. Set of stellated reentrant structure of four points, own

elaboration.

ot
LA N
)
\
1
/

Figure 7. Set of stellated reentrant structure of six points, own

elaboration.

5. Discussion of results

5.1 Unity pattern

The growth factor of each unit of the three struc-
tures analyzed has been graphically analyzed in
Figure 8; reaching that growth is proportional to the
number of sides as the conclusion. The bigger the
number of sides, the more the structure grows when
it is unfolded. And it looks like exponential growth.

The growth factors of these three stellated reen-
trant auxetic structures analyzed have also been
analyzed numerically. The numerical data obtained,
in relation to the growth of these structures and their
mass-volume ratio, have been the following:

The growth factors, numerically, also increase with
the number of vertices that attack the central core of the
star. They obtain the highest growth factors for the in-
dividual 6-pointed stellated reentrant auxetic structures,
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which corroborates the graphic analysis.

2,15 3,31

3 lados 4 lados 5 lados

Figure 8. Growth factor of stellated reentrant auxetic structures,
own elaboration.

Table 1. Relation between minimum areas (A,,;,) and maximum
areas (A,,,) with the total length of the bars of the structure, own
elaboration.

L A (A Ko |[Ka [FC() FC()
3 points |7.46 |0.43 |3.01 0.06 |0.40 |7.00 0.35
4 points [9.66 |1.00 |7.00 |0.10 |0.72 |7.00 |0.62
6 points |18.00 2.60 [24.99 |0.14 [1.39 9.61 |1.24

Analyzing these figures, it can also be observed
that all their nodes are articulated in the plane, and
two bars converge in them, allowing rotations in
the xy axis that go from 0° to 90° or from 0° to 120°
depending on the bar for the 3 points star, from 0° to
90° or from 0° to 135° depending on the bar for the
4-pointed star and from 0° to 90° or from 0° to 150°
depending on the bar for the 6-pointed star. That is,
with a bigger number of vertices that attack the cen-
tral core, the maximum openings between the bars
are increased.

5.2 2D pattern

As can be seen in Figure 9, as for the unit pattern,
the bigger the number of sides in the generated star
is, the more this structure grows when it is unfold-
ed; that fact increases the growth factor in the joint
structure. Therefore, it can be established that the
joint structure grows proportionally with the sides of
the polygon that generates it.

The growth factors of these three 2D stellated
reentrant auxetic structures analyzed have also been
numerically analyzed. The numerical data obtained
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in relation to the growth of the structures and their
mass-volume ratio, have been the following:

Figure 9. Overlap of the stellated reentrant auxetic structures of

three, four and six points, own elaboration.

Table 2. Relation between minimum areas (A,,;,) and maximum

min

areas (A,,.,) with the total length of the bars of the structure, own

elaboration.

L Amin Amax I(min Kmax FC (:) FC (-)
3 points |32.78 2.6 |21.53 |0.080.66 |8.28 |0.58
4 points |74.91 |9.00 |80.89 [0.12|1.08 [8.99 |0.96
6 points | 114.00 | 21.99|233.03 | 0.192.04 |10.60 |1.85

The growth factors also increase with the number
of vertices that attack the central core of the star, nu-
merically; obtaining the highest growth factors the
6-pointed stellated 2D set reentrant auxetic structure,
which corroborates the graphic analysis.

Analyzing these combinations of 2D star reen-
trant structures, it can also be observed that all their
nodes are articulated in the plane, and two or three
bars converge in them, allowing rotations in the xy
axis ranging from 0° to 90° (2 bars) or from 0° to
120° (3 bars, unless it belongs to the outer perimeter
of the set) for the 3-pointed star, from 0° to 90° (2
bars) or from 0° to 135° (3 bars, unless it belongs to
the outer perimeter of the set ), for the 4-pointed star
and from 0° to 90° (2 bars) or from 0° to 150° (3 bars,
unless it belongs to the outer perimeter of the set) for
the 6-pointed star. That is, individual pattern prop-
erties are preserved for stellated reentrant auxetic
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structures.

6. Conclusions

It is concluded that planar stellated reentrant aux-
etic structures have useful growth factors to apply
to surfaces of architecture. The maximum openings
between the bars are increased with the number of
bars. They never fully collapse auxetically. It can
be a problem to transport them. The stabilization
concept should be developed at a certain opening
moment ***'"!. The next step will be developing the
opening and closing points of the mechanisms that
would have to be stabilized to convert them into ar-
chitectural structures.

7. Limitations

This is a theoretical study of the geometry of the
two-dimension-stellated reentrant auxetic structures
to transformable architecture. But architecture is
linked to the use of materials. So, these results are
limited by this fact. To use these results, the total
length of all bars used in the design of each pattern
(L) will be changed to the real quantity of material
(mass). This way, the lightness of the deployable
structure will be obtained.

This type of pattern is very useful to transforma-
ble architecture, and they generate advantages to the
transport and posterior deployment of the structure.
They are useful to install as quick assembly struc-
tures.
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