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ABSTRACT

The adoption of 3D printing technology in construction projects has the potential to deliver
many advantages, such as reduceekiten labour, more reliable management of project
deadlines and budgets, as well as more effective waste management. Nesertheles
technology's growth is not as dynamic as anticipated due to a lack of standardized processes

and methodologies, and challenges associated with the novel technology.

Understanding the benefits 8D printing projectsfor prospective investors when choosing a
construction method requires standardization pbject activities and an irdepth
comprehension of the factors that make projects ugimg technology successful or
unsuccessfulThis thesis identified the challenges of obtaininguilding permitfor a 3D
printing projects determiningroles and responsibilities of key participants in such projects,
and defiing the followingcritical success factord) Relative advantage) Complexity, 3)
Trialability, 4) Compatibility, 5) Absorptive capacity6) External pressur&’) Uncertainty 8)
Supply-side benefitand9) Demandside benefitsThe importance of these factptsgether
with other contribuhg issueglegislatve andethical issuesyjas demonstrated through ddse

studiedivided into 4 stages of empirical research.

3D printingtechnologyprojects wereonfirmedto contribute to be objectives éiConstruction
5.00, a paradigmthat combines theachievements of Construction 4With sustainable
developmentresilience anthuman welfare goal3 herefore 3D printing projects are a viable
solution to some athe pervasiveproblems of the construction sector as well as a solution to

the contemporary environmentalistainabity problems.

Based on evidence collected from the case studies, it was conclude8Dthatnting
technologyhasaspecificeffect on the roles and responsibilit@sstakeholders construction
projects.The key adjustment concerns the role of the project manager, who must aoguire
implementnew skills, expantiis/hercompetencies, and consider adopting new organizational

solutionsto accommodate thequirement®f this new technology.

Keywords: Construction Project Management, 3CPrinting Technology,Critical Success

Factors, iConstruction 5.(.



| ZVLEL EK
Uporaba tehnologije 3D tiskanja v gradbenih

SO man|j dela na samem gradbi gl u, bol j zanes|
projektih ter wulinkovitejge ravmagigne z odpac
takgna kot prilakovano, predvsem zaradi p O Me

metodologij ter izzivov, povezanih z uporabo nove tehnologije.

Za razumevanje prednosti projektov 3D tiskanja za potencialne investitorje, kot alternativna

i zbira nalina gradnje, sta potrebni standard
razumevanje dejavnikov, zaradi katerih so projekti z uporabo te teheologijs pe g n i al i

neuspegni. V prilujoli doktor ski nal ogi so L
dovoljenja za projekte 3D i skanj a, dololitvi vlIiog in odgov

takgni h projektih ter avpkoeuspeha IRelaiivnanas| ednj i h
prednost, 2Kompleksnost, 3Mo g nost pr eZdz kg § a Absapsiskd ) 5)
sposobnost, &unan;ji pritiski, 7)Negotovost, 8Koristi na strani ponudbe in oristi na

strani povpragevanj a. Pomen teh dejavni kov,
(zakonodajna in etilna vpraganja), prikazan
faze empirilne raziskave.

Potrjeno je bilo, da projekti s tehnologijo 3Bkanja prispevajo k ciliemGr adbeni gt va 5
to je k paradigndradbienzdtvaguipde Odeseghkei traj

odpornostjo in blaginjo ljudi. Zato so projektid3Di skanj a realna regitev

vseprisotne probleme gradbenega sektorja in
okoljevarstva.

Na podlagi dokazov, zbranih v gtudijah pri me
tiskanja poseben ulinek na vlioge in odgovorn

prilagoditev zadeva vlogo projektnega vodje, ki mora pridobiti in upatabbva znanja, kot
tudi razgirit.i svoje kompetence in spodbudit

se lahko lga prilagodila zahtevam te nove tehnologije.

KI'jul ne upesasevdg:anj e gradbenih projektov, t e

dejavniki uspeha,iGr adbeninigt vo 5. 0
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1 INTRODUCTION

1.1  Business challenges in the construction industry

In any country's economy, the construction sector pldgsyaole (Craveiro et ak019 251)

The constructionndustry compose$0% of GDP in developed countries, and more than 25%
in developing countriesn a globakcale(Kim et al. 2015, 347)This fact, although not to such
an extent, is also visible in the examples of European Union and peotngries(UNECE
2021, 1).

Figure 1. Share of construction in GDP (on a percentage basis)
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Source: UNECRO021, 1.

Also, the construction industry is a vast, dynamic and highly complex bus{Be$sn2008,
175). For instance, in the EU there are aroundr@ilion companies (most of theamall and

mediumcompanies) involved in this busine®&afaguer and Abderrahi2008, 1. Therefore



it is not surprising that there is evidence of the existence of a very sioglgtionbetween

construction activity and econaergrowth (Dlamini 2014, 5).

From the above stated data, it is evident how significant the construction sector isdtfahe
of any economy. This leads to the overall conclusion that the progress and enhancement of this
industry is a topic worth researchirfgpr this thesis, this was the basic-ptgposition.

1.1.1 Low labor productivity

During the last decade¢he shortage in skillethbour remainedone of the mosimportant
worriesfor the construction industrit is very complexphenomenormand it dynamically reacts

to thelabourmarket'sbehaviourand its impact on construction projects (Kim et2&l20, J.

In generglthe major concern to the construction industry, would be the decreasing quality and
productivity of end productdabour shortageccupational health and safegnd allowing

work tobe performed where people cannotlamaruddin et al. 2015, 111)

Labour cost includes 3 0spandingGubd@hakoriand Yiated9930t a | p
15; McTague and Jergeas 200D, and consequently is considered as a true sign of the

economic success of the endeavi@oham and Rajiv 201583.

Since construction is a labourintensive industry, the significance of this effect not only
confirms the concern over its labour productivity, but it can also be claimed that labour power
is the only productive resourcédienceforward construction productivity isprincipally

dependent upon human effort and performgSatam and Rajiv 2013, 583).

Accordingly, productivity analysis ironstruction is a hot research topic among various
research scholars and academicians throughout the. glbbeecost of low productivity in big
construction and infrastructure project is too high, and to deal with this, veesesrcthave
been done to sort out the factors affecting construgtioductivity (Dixit 202Q 22795.

The analysis of 45 factors considered istadyc al | ed fAFactors affectin
i n buil di ng pr ojseowdthatthe maintfabters nEgatxely affettingilapaur
productivity are: material shortage, lack of labour experience, lack of labour surveillance,
misunderstandings between labour and superintendent, and drawings and specification

alteration duringexecution(Enshaasi et &01Q 245.



Analogously, he three items of greatest concdénat could affect construction productivity

were identifiedvi t hin the study fiConstruction product
i n Si ngsatpuggleia the recruitment of supervisorstrugglein the recruitment of

workers, and a high rate of labour turnoglam andAlum 1995 51).

As apotentialsolution to the increasing demands of the workforce, use of foreign workers has
been a common practice for a country ibegreaseworkers from nearby lessleveloped
countries While it can contribute toreducingthe labour deficiency, foreign workers are
typically less productive and oftemvolve diverse risks due to cultural differences,

communication difficulties, and differemtork ethics and customs (Handal 200§ 1).

Therefore, potential solutions need to be sought through other alternatives as well. Rapid
innovations in artificial intelligence (Al) and automation technologies have the potential to
drasticallydisruptlabourmarkets While Al and automation caimcreasehe productivity of
certainworkers, they caalsosubstitutethe work done by others and wpliobablytransform

almost allprofessionst least to some degree (Fragtlal. 2019 15).

For the abovenentioned problem, the use of robotization and new technologies (including 3D

printing) are suggestad this thesisas possible acceptable options.
1.1.2 Inefficient waste management

Construction and demolitioractions produce enormous quantities of waste materials
(Menegaki and Domingo2018 8). Waste occurring from construction and demolition
activities in civil and structural engineering;called C&D waste, represents a major share of
total wasteproduction showing its highconsequencéom both a waste management and a
resource efficiencystandpoint(Hiete 2013 53) and it is given great attention by all

stakeholders (investors, contractors, authorities, @pisakova 202, 1).

Therefore, he efficient construction and demolition (C&D) waste management is
indispensable for the achievement of sustainable construction. So far, many attempts have been
made to assess C&D waste managentgtilt, the majority of efforts have been attempted to
explore C&D waste management from an economic point of view, while very limited studies
have been focused on the environmental and social aspects, which are essential to encourage
effective C&Dwaste management (Yua013 1).



Neverthelessresearcherdrom developed economies have contributed noticeably to the
progresof theresearch in the discipliné is projected that more future studies on C&D waste
management will be conducted by researchers from developing economies, where construction

works will remain their major economic activities (Yuan and Skglil, 670.

Based on analyses of C&D waste production, waste regulations, and major waste management
practices in Shenzhen, within the studyBar r i er s and counter meas
construction and demolition waste: A case ¢
reveal ed, which are Aundevel oped regul ator:
Amul tiple gover nment ydmgvad in nddferants C&M@ waste separ
management processes but nonexistameeéfundaaknealsdata he | e
i n C&D wasteo, Ai nsufficient attention i s pa
and AC&D wast e maelktoward growtpYuare201t7&4y. i e s

Research studies also show that one of the main barriers to insufficient CDW recovery is
inadequate policies and legal frameworks to manage CIDW topic is also one of European
Uni o n 6envirgneenial prioritiespisakova 2022,)1



Figure 2: Recovery rate of construction and demolition waste in EU member states in
the period 20162018
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Source: Eurostat 2020.

The construction segment has an enormous potential for reducing. Wegtarity of
construction and demolition waste is not hazardous and is consequently suitable for recovery
(Spisakova 2022, 1).

Accordingly, there is a potential demand for advanced solutions and innovative technologies
to accomplish this objectiveAmong the possible alternatives to the traditional building

approach, 3D printing technologyight havethe potential to bring advancements in waste



reductionand that premise is advocated in this thespecifically in the part devoted to the
concept ofiConstruction 5.0

1.1.3 Management of a risk within construction projects

PMI (Project Management Institutacknowledgethe project as a temporagndertaking
exceptiongl i n | ine with t heenasiogedocieateaatpioductihathas t r at
never been carried through befofe the goal of a project is to generate an unknown product,

it usually involves risk because the steps to achieve the proposed targets are not known by the
people in charge of projedevelopment (PM2004 36).

Uncertainty is present everyday life, in organizations anmojects (Olssor2007, 745,
indicatinga strongrisk to the business, but also in itselfaisimportantopportunity that must
be taken(Hillson 2011, 1). It is selévident that projects are risky, and that risk should be

managed proactively in order to optimise project performénitison 2011, 1).

Risk may also correspond to opportunities, but thetfi@attmost of the risk usually has negative

results has led individuals to only think about the negative side of risk (Baloi and200i8e

33; Hillson 2011 1). Thereis a connection betweamcertainty and risk as Hillson (2003

suggests fiThe risk is the uncertainty measured
me as ur e d oetal Hé4d §58)Riskas acomplexconcept (Wanget al. 2004 237),

which isdescribedas the probability of a damaging event occurring in the project, affecting its
goals(Yu 2002 1251 Baloi and Price2003 261), but not always associated with negative

outcomes

Theconceptiorof project risk is related to all events or conditions that can produce positive or
negative effects in at leashe project objective. Risks can detegorizeds internal, when the
project team can influence or control them, and external when the project tepowaréess

to control and influencthem(PMI 2004 274;Dos SantosndCabral2008 1).

Nowadaysrisk management is\atal part of projectnanagement (Olss@907, 745 del Cafo
and de la Cru2002 473, where one of the most difficult activities is determining what are

the projectos risks anAhdersaand Antecsoi20Gf 25. hhesy be p
is a key process and most of project managers know that risk management is essential for good
projectmanagement (Baloi and Price 20@83 Perera and Holsomba@k05 129 Alali and

Pinto 2009 1). Therefore, the management of the risk of a project is one of the major roles



undertaken by project manager (Serpekdal. 2014 653. Risk management idescribedas

the process of identifying and assessing risk, and to apply methods to reduce it to an acceptable
extent (Tohidi 201188)).Also, t he main purpose of projectosos
evaluate, and control the risk f@roject success (Leest al. 2009 588(. Overall risk
management process includes the following main steps: (1) Risk planning; (2) Risk
identification; (3) Risk assessment (qualitative and quantitative); (4) Risk analysis; (5) Risk
response; (6) Risk monitoring, and (7) Recording the risk management process (ISO 31000
2009 2, Baloi and Pric003 261).

Neverthelesshis duty is particularly complex anthproductivef good risk management has
not been done from the beginning of the projéct effective and efficient risk management
approach necessitatesa proper and systematic methodology and, msignificantly,

knowledge and experience (Serpeital. 2014 653.

Risk management islso a crucial field of construction industry and has gained more
significanceglobally due to the latestesearchconductedon a large scaldNonethelessthis
relatively new field requires more attention to bring some ber@dihstruction projects are
confrontinga number of risks which have negative effects on project objects such assine,
and quality (IgbabndShah2014 1).

However, many of the projects fail at amazingrate Matta and Ashkenas 2003, iLe.,they

run behind schedule or incumanticipatedcosts. Subsequently the risk management in
construction projects is still vegnproductiveand that the maireasorof this situation is the

lack of knowledge (Serpeliet al. 2014 653. In orderto preventsuch scenarios, it rucial

to establish risk managemerstrategies (@son 2007, 745. The risk management
methodology of the Project Management Institute (PMI) presented in the Project Management
Body of Knowledge PMBOK i is possiblyone of the most used technical developments for
controlling risks (Dos Sant@ndCabral200§ 1).

PMBOKG6s Risk Response Planning involves taki
to minimize the threats, whiatould endangethe objectives and goals of the project. Besides

the risk response plan itsefiRisk Response Planniagnvolvesthe assessment of residual

risks, secondary risks. Hlso must considercontractual agreements, the inputs for other

processes and inputs for a revised project planning ¢@o4,302).



As for individual rolls, he contractor isnswerabléor management of most risks occurring at

sites during the implementation phase, suclprablemsrelated to subcontractors, labour,
machinery, availability of materials and quality, while the client is responsible for the risks
such as financial issues, issues related to design documents, changes in codes and regulations,
andscope of worklgbal and Shah 2014, 1).

Acquiring and implementing new technologisshe process thasually requires considerable
effort on the part of the organizations, as it involves factors such as complexity, scarce
resources (both financial and human), and normally tight schedMlds aim to cope with

such obstacles the process of new technology deployment is generally addressed through
projects Dooleyetal. 2005, 466.

Consequently the development and implementation of successful project management
methodologies, risk managememicessesn particular, arekeystonesof successful new
technology projectdos Santos and Cabral 2008, 1

One ofthe new technologies where the assumption about the importance of risk management
would be applicable is most certainly 3D printinghe risk management segments of
construction projects using 3D printing technology are continuously being considered in this
thesis. The aforementioned role of the various stakeholders in the construction project in
shaping risk management is also covered in detail in the part that focuses on the project's

organization structure.
1.1.4 Expensive construction costs, demand for housing

Construction costs represent the largest portion of the price of new homes in most markets, but

their investigation has been relativelgglected (GyourkandSaiz2006 661).

Reliable estimates of construction costs and schedules provided by modern contractors, their
consultants, and suppliers at the time of project approval are important to economically justify
a project and plan its financinghe economic impact of a construction cost overrun is the
potential loss of economic justification for the projektcost overrun can also be critical in
developing sustainable development measures based on economic costs. The financial
implications of a cost overrun also lead to a dadntor loans for construction investments
(Stasiak and3Pot ks8nyb 2015



Likewise, for owners with a mortgage, the average cost of housing increased significantly.
Interest rates, investment demand, the economic climate, deregulation and innovation in the
financial sector, land supply and the lamgk planning system, governmeéaxes, levies and

fees, demographics, economic growth, and the wealth effect all play an important role in
influencing housingrices (Rahmag01Q 577).

Sincel950, housing prices have regularly increased by almost two percent per year. Between
1950 and 1970, this increase reflected rising housing quality and constructiofCtaste et
al. 2005,329.

Pursuant tahe pricerise it alsoreflects the progressive difficulty in obtaining regulatory
approval for the construction of new dwelling®o often, analysts try to understand real estate
prices by looking only at demasside factors such as interest rates or per capita income, while
ignoring the supply side of the markRising prices require not only rising demand, but also
supply constraintsHousing supply includes three elements: land, building construction, and
government permission to construct the building on the. [@hdrefore rising prices must
reflect rising physical construction costs, rising land prices, or regulatory barriers to new
construction consequentlynaking the acquisition aduitable housing greatchallenge for

individuals at various stages of their liy€laesertal. 2014, 701).

Many phasesmoving out of the parental home, partnership, raising childname historically
accumulated in the 20s and early 30s. Increasingly, these phases extend into the late 30s and
early 40s (Flynr2016 374.

Construction method selection, implementation, and improvement (CMSII) is an important and
difficult task in construction projects, especially large and complex projects that often confront
constraints such as a complex project environment, lack of infiemand uncertainties due

to newtechnologies (Reatal. 2013 1).

In this challenging process of choosing a construction method, reliable factors that determine
the success or failure of projects are required, and awareness of thesel&ictivety provides
guidance in selecting the prospective methAdldo, one of the essential assumptions of this
thesis is thathoosing3D printing technology, after meeting the necessary prerequistels!

be the answer to the above problems.



1.1.5 Supply chain management

The sizeable number of supply chain partners and the significant level of fragmentation limit
the levels of integration that are feasibldne interplay of environmental and procurement
related factors renders the realization of truly integrated supply chains extremely problematic
and challenging tachieve (Briscoe and Dainty 2Q0&L9.

Although it seems that Construction Supply Chain Management (SCM) is still in its infancy, a
certain awareness of the philosophy is obvious. Contractors identified improved production
planning and purchasing as crucial targets for the application of S€dhstruction (Akintoye

et al. 2000). Impediments to success comdgigtorkplace culture, lack of senior management
commitment, unsuitable support structures and a lack of knowledge of SCM philosophy
(Akintoye etal. 200Q 159.

Sustainable construction and supply chain management (SCM) have, in latest years, become
two of the extremely important performanedated issues within the construction industiy
accomplish corporate sustainability within any organization, it is vital that sustainability issues
are tackled throughout the organizationos
sustainable supply chain management (SSCM). The implementa&@iand sustainability

is, nonetheless, an extremely complesponsibility(Adetunji 2008,161).

One of the potential advantages of 3D printing technology is precisely in this segment, which

is speciallythematized and checked @hapters and 7of this dissertation.
1.2  Industry 5.0 & fiConstruction 5.00

Industry 5.0 adheres to the paradigm of Industry 4.0 and aims to transform the way industry
works. Effectively, Industry 5.0 focuses on research and innovation to promote the
sustainability of industrial production and to put the vieling of industrial wrkers at the
forefront of the manufacturing process. Therefore, Industry 5.0 is founded on three main
pillars: it is humarcentred, it promotes sustainability, and it aims to develop resilience to
disruption(Grabowskeaetal. 2022, 3117).

To accomplish this, Industry 5.0 uses new technologies to generate wealth beyond jobs and
growth and simultaneously consider sustainability issksgether, Industry 5.0 references

humans working side by side with robots and smart machines, with human ddfimency
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enhanced by advanced technologies The adoption of Industry 5.0 has ignited the discussion on
the smart and sustainable built environment and associated areas such as construction
management and smart citigsmong some of the technologies in the spotlight are digital
twins, green technologies, lean practices, artificial intelligence, the Internet of Things,
unmanned aerial vehicles, building datadelling infrastructure data modelling, Big Data, 3D
scanning, virtual and augmented reality, robotics, bloakcnetworks, 3D printing, digital
literacy, and nexgeneration educatickechnologiesReddyetal. 2021, J.

Figure 3: Key enabling technologies for Industry 5.0
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The venturenamedfiConstruction 5.0is aimed at promoting the alignment of technological
and digital innovations for the construction sector alongside societal dimensioaisriany

with the 17 Sustainable Development Goals (SDGs) of the United Nations and the Paris
Agreemen{(CICA 2022, 1).
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The very fact that technologies could help put people back at the centre of the universe in terms
of manufacturing and enable them to focus on their creativity is the basis on which 3D printing

technology in construction projects ought to fit into the epte offiConstruction 5.0.
1.3 3D printing as the solution to business challenges

In recent years, 3D printing, which is an automated production process witkbalgser

control, has experienced a rapid ascent. The technology had already been utilized in the
manufacturing industry for decades and has recently been adopted in theéctionsindustry

to print houses and villag\fter years of development, a systematic review shows that 3D
printing technology can be utilized to print largeale architectural models and buildingke
capacity of the technology, nonetheless, is comgida by the lack of largscale
implementation, the development of building data models, the need for mass customization,

and the lifecycle cost of printegrojects (Wuetal. 2016 21).

While 3D printing technology has significant potential, the speed of its adoption is not quite
whatthe market anticipated (Yeh and Chen 204@.

A large body of research has defined a variety of process (e.g., material, design, printer) and
productrelated issues of 3D printing that are impeding the adoption of this technology in the
construction sector. In the way construction is currently orgdnithere is still the fact that

most structures are made from a combination of different materials. Then again, the use of
iInhomogeneous or multiple materials is still a challenge for the 3D printing design process
(Labonnoteandal 2016 347 Camachandal 2018 110 Marchment and Sanjayan 2Q20).

Although the idea is scaling, the processes and materials are improbable due to a multitude of
factors, including material properties, cost, and availabftych challenging factors can be
grouped into the following areas: Layered manufacturing and construction, design

implications, data issues, process, aadtrol (Buswelletal. 2008 224).

In addition to technical solutions, innovations in construction and project management are also
necessary to meet the new stald& printing enables a reduced construction time and cost, as
well as a reduction in waste. The project managers should adequately modiftytieeof
designing and schedulinGertainly, 3D printing will be a portion of the construction industry's
future. There are, nevertheless, a number of remaining challenges that need to be addressed
before 3D printing can be a viable sadut Some risks connected to this emerging technology
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have been already identified and classified based on their soQues risks need to be
evaluated so for them to be incorporated in the design phase of such construction(glejects
Sayegh 20201).

As already statedhé biggest issues for thmnstruction industry in general are declining
quality and productivity of end products, labour shortages, occupational health and safety, and
the ability to perform work that people canndthe paper iBarriers and Impact of
Mechanisation and Automation in Construction to Achieve Better Quality Pratldisisusses

ways to increase the quality of life by removing the barriers and their impact on this initiative
that could improve the industry in terms of productivity, safety, and qualsp, this effort

should ensure the balance between environmental and energy management with the increase
in productivity for better quality products which might result in an improved quality of life for
enduserg(Kamaruddinetal. 2016, 111).

3D printing technology could offer several benefits compared to traditional processes, among
them lower material and energpnsumption (Berma2012 155 Khajavi et al. 2014 5Q
Labonnoteet al. 2016 347 Walteret al. 2004 9), on-site manufacturing with less resource
requirements and lower CO2 emissions throughout the praiucycle (Gebleretal. 2014

158). It is also driving changes in working patterns, including safer woingonments, and

a shift towards more digitalised and more localised supply c@maffaretal. 2018 1).

Seen from an architect's point of view, 3D printing technology can reduce design and
development cycles; it allows clients to-design products that are perfectly adapted to their
needs and goals; it enables the realisation of complex designs and dhen@@mentation of
designmodifications (Bermar2012 155 Ghaffaret al. 2018 1, Khajavi et al. 2014 50,
Labonnoteetal. 2016 347 Walteretal. 2004 9).

1.4  Scientific researchperspective
1.4.1 Research objective and research questions

3D printing is emerging as a viable option for addressing some of today's construction industry
issuegWu etal. 2016 21). However compared to other branches of industry and theoretical

possibilities, the technology's momentum is $titlited (Yeh and Chen, 2018, 2D9

13



It seems that without standardization of the process, as well as an answer to the question of
what are thefactors that make construction projects that utilize 3D printing technology
successful or fail, this forward motion is unlikely to take pladghout the certainty of future
investors about the potential succéssors of such projects, they are unlikely to choose 3D
printing technology as a construction method for their proj&pgek 2020, 220)

With the goal offilling this research gaphe followingresearch questions lieu of research
hypotheses are addressed through the analysis of tleu&egss / failure factors in managing
construction projects utilizing 3D printing technology through a prism of: (1) Relative
advantage; (2) Complexity; (3) Trialability; (4) Compatibility; (5) Absorptive capacity; (6)

External pressure; (7) Uncertaint®) Supplyi side benefits; (9) Demaridside benefits.
Therefore, the main researghestion(abbreviation in this thesis = MRQ) is:

MRQ: fiWhat are the critical factors in ensuring success (or causing failure) of 3D printing

technology in construction project applicati

In addition, the first two supporting research questions (abbreviation in this thesis = SRQ) were

formulated as:

SRQ1:A Wh a't are the impacts on construction p
technology as 3D printing?o

SRQ2AHow can these Iimpacts be addressed [/ inyv
economic profitability, quality, and safety

In the course of researching these topics, the following nevgsestions crystallized in the
process of developing the research guidelines, which are always assigned to the respective

research topic in this thesis:

Project organization structure:

SRQ3AWhat has been discovered to date about t
key participants in construction projects ut

SRQ4: i1 Wh a 't conclusions can be substantiated
interactions of key participants in projects involving 3D printing technology linked to the

conventional construction model ?20
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SRQ5:Ai Do existing project management methods/ j
modi fied to this comparatively innovative te

nConstruction 5.6

SRQ6:Al s 3D printing t eahdracteristiosgofthei"Gonstructione5.0wi t h
paradi gm?0

SRQ7:A Wh a 't are the i1implications of 3D printi

fConstruction 5.6? 0

Benchmarking critical success factors:

SRQ8AHow are this s uctbhreughscasé stutiesair3P priatipgoplojeatsa b | e
and how these same factors behave in the cor

1.4.2 Scientific research approach

A multi-stage research concept is designed in order to address the specific research questions.
Initially, the importance of the construction sector in today's economy and the problems that
the construction industry is facing in practice and academic research have been examined
(Chapterl.l -1.2). As a possible solution to some of the previously identified problems, the
idea of 3D printing was explored in terms of an interesting alternative technology compared to
moretraditional methodsCGhapterl.3.). To begin with, a literature review was conducted on
what the success of the projeseans Chapter2.1) and what are the possibilities as well as

the state of the art of the several topics related to roboticawaachation Chapter2.1). Then,

the core of this dissertation was conducted in the area of literature review regarding the topics:
Ethics Chapter2.2), ProjectOrganizationStructure(Chapter2.3.), Critical Success Factors
(Chapter3.7), iConstruction 5.0 (Chapter2.4) and several othesubjects

Within the conceptual pamisingmethodological tools for defining 3D printing success factors,
the most important theories and terans explained@hapter3.). Thisis followed by the main
researchsegment, which is divided intdChallenges in the introduction of 3D printing
technology in construction projedt{Chapter4), with topics such asPrerequisites for
implementation (Chaptet.1), Legislation Chapter4.2.) Changesn Project Organization

Structure Chapter5.), the Concept offiConstruction 5.0 in connection with 3D printing
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technology implementatiofChapter6.), andAnalysis of critical factors in comparison with
conventional construction techniqué&hapter7.).

The researchpartfinisheswith the Feedback from the practice on 3D printing success factors
(Chapter 8)Following these chapters, the end of the dissertation incldidesssionChapter

9.), Assumptions and limitations / restrictions of the presented research (Chapter 10.) as wells
as Conclusion(Chapter11.), which is additionally clarified by the contributions of the
dissertation and recommendations for further resg&hhpterl2.).

1.4.3 Research philosophy

Philosophical perspectives, a system of general worldviews that form-gaiiding beliefs,

emerge from ontology (what people can know) and epistemology (how knowledge is formed
and what can be knoynThese perspectives matter because, when made explicit, they reveal
researchers' assumptions about their research and lead to decisions that are applied to the
purpose, design, methodology, and methods of research, as well as to data analysis and
interpretéion. On themost basic level, the mere decision dfiak to study in the sciences

establishes values on one's subject (Moon and Blackman 2017

There are assumptions about the sources and nature of knowledge at each stage of the research
process The researctphilosophy represents the key assumptions of the author, and these
assumptions serve as the basis for the research stristegg/generally, research philosophy

has many branches associated with a multitude of fields of discipleaticularly, in
management studies, there are famportant research philosophies: 1) pragmatism, 2)

positivism, 3) realism, and 4) interpretivism (interpretiviBtidovskiy2022,1.
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Table 1: Research philosophies and data collection methods

Research Pragmatism | Positivism Realism Interpretivism
philosophy
Popular data Mixed or Highly Methods | Small samples, in
collection multiple structured, | chosen mus| depth
method method designs| large samples, fit the investigations,
quantitative and. measurement,| subject | qualitative
gualitative guantitative, matter,
but can use | quantitative
qualitative or
gualitative

Source:Spicek2022 based orSaundergtal. 2009 106.

1.4.4 Explanation of quantitative, qualitative, and mixed methods of research

Research methods are the strategies, processes, or techniques utilized in collecting data or
evidence for analysis to reveal some novel information or to provide a deeper comprehension
of a given subjecQualitative research accumulates data about lived experiences, emotions, or
behaviours and the meanings individuals connect to them, thus helping researchers acquire a
better comprehension of complex concepts, social interactions, or cultural phenomena
Quantitative research involves collecting numerical data that are able to be classified,
measured, or categorized using statistical analiilsed-methods research combines both
gualitative and quantitative research, providing a holistic approach in which statistical data
with deeper contextual insights are combined amalysed (Newcast2023,1).

Typically, a management case study contains a description difeeaanagement issues and
recommended solution$tudents, practitioners, and professionals alike use case studies to
think critically about problems and to design and implement corrective actions for challenging
management situations<Commonly, a case study includes facts, theora&sumptions,

analysis, and prioritizegolutions (WikHow 2023, ).
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Table 2: Selecting the case study strategy

nternal Interpretive case | Interventionist case
studies studies
Researcher’s position
(in relation with the |
research target) Exploratory,
External descriptive and Constructive case
explanatory case studies
studies
Understanding, describing, Driving or supporting
or illustrating a transformation in the
phenomenon phenomenon

Nature of the research task

Source: MartinsuandHuemann 2021417,

Generating novel contributions should be accomplished through the following: 1) Avoiding
generalization, making context important, 2) Expanding on existing body of knowledge, 3)
Focusing reflection on similar types of cases at the right level of analysigelh as the
phenomenon in its context, 4) Providing validation through transparency of data and
traceability of the data process (collection and analysis), 5) Strategically recommending further

researchNlartinsuo and Huemann 2021, 417

Case study is an ideal method when a holistiglepth research is requiréBeaginand al
19971 1).

No individual source has a total advantage compared to the others; rather, they are
complementary and may be used in conjunction with each. @basequently, a case study
should use as many sources as are relevanidostudy Tellis 1997 1). The strengthand

weaknesses of each type of source casekea intheTable3:
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Table 3: Types of evidence

Source of evidence Strengths Weakness

Documentation Stablei repeated review Retrievabilityi difficult

Unobtrustivel exist prior to | Biased selectivity
case study
Reporting biag reflects
Exacti names etc. author bias

Broad coveragé extended | Accessi may be blocked
time span
Archival records Same as above Same as above

Precise and quantitative Privacy may inhibit access

Interviews Targetedi focuses on cas Bias due to poor questions
study topic
Response bias
Insightful 7 provides
perceived casug Incomplete recollection
interferences
Reflexivity - interviewee

expresses what interviewi
wants to hear

Direct Observation Reality i covers events il Time consuming

real time

Selectivityl might miss facts

Source: Spicek 2022abed orTellis 1997, 1

1.4.5 Research methods applied in this thesis

To respond to the main research question f
ensuring success (or causing failure) of 3D printing technology in construction project
applications?i, 8 different s up prothetliteraiuye r e s e
review. They were divided into 4 stages of empirical research, with a total of 11 case studies.
Based on personal professional preferencegotimeey began with researching literaturbe

literature research is a systematic and wedlanized search of the already published data to

find a large number of higquality references on a specific topic

The research problem is usually a tofiiat the researcher is interested in and familiar.with
Therefore, it needs to be channelled by focusing on information that still needs to be researched
Having narrowed down the problem, the search and analysis of the existing literature allows
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the research approachtie narrowed furtheiQrewaletal. 2016, 63%.

The literature review is an essential ingredient for any evideased projectt will help in
understanding the complexity of a given problem, give insight into the scope of a problem, and
provide best management approaches as well as the best available supporting evidence on the
topic. Without this step, the evidentmsed practice project cannot move forw@dcelerate

Learning Community 2023, 1).

First of all, the database wdstermined, and the decision was primarily made to use Scopus
and Web of Science.

The Google Scholar database was also used extendgd@bgle Scholar is an easy way to
search extensively for scholarly literatugtarting from one place, one can search across many
disciplines and sources: Articles, dissertations, books, abstracts, and court decisions from
academic publishers, professional organizations, online repositories, universities, and other
websites Google Scholar 2023).1

Keywords pertinent to the topic were utilizadd dter finding an article that seems relevant to

the topic, use the "snowballing” technique in order to find more related arSciewballing

implies leveraging an article's reference list or the article's citations to help identify additional
articles (Wohlin2014 1). Fromthe very beginning of the search for literature and collecting
articles, it was important to store all the relevant research results in an organized manner. A
personal database tife mostrelevantarticles was maintained, and a wedised reference
manager called "EndNote Basic" was also used. The following ¥abkleowsthe partial
literature review accountable for shaping the research questions of each paper, as well as the

general context of this dissertation.
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Table 4: Literature review for shaping research questions

Research area

Integration Ethics in Construction | iConstruction | Methodological
of new construction project 5.00 tools for
technologies| projects organization Paradigm defining 3D
in the utilizing 3D for 3D printing
management,  printing printing success factors

of technology technology
construction
projects
Literature | Construction| Ethics in Construction | Industry 4.0 Research mode
research | automation | traditional | projects using| overall - A | development
component| as enabler of construction| 3D printing | suitable
3D printing projects technology | foundation for
technology (strengths, | identifying
adoption weaknesses, | impact
challenges, | dimensions
critical success
factors)
Ethics in Collaboration | Industry 5.0 Innovation
construction between Conceptand Diffusion
projects construction patterns Theory
utilizing 3D project key
printing participant
technology
Roles, Construction Technology
responsibilities 4.0-A Readiness
and suitable
interactions of | foundation for
key identifying
participants in impact
project dimensions
organization | AConstruction
structure 5.00 - Concept
and patterns
Project Technology
Management| Acceptance
in Industry 4.0 Model
and Industry
5.0- Concept
and patterns
The concept o] Contingency
sustainability Theory
in project
management
Increased Additional
Environmental factors

Sustainability
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Increased | Relative
Compatibility | advantage
(Technology) | Complexity,

Trialability,
Compatibility,
Absorptive
capacity
External
pressure
Uncertainty
Supplyside
benefits
Demandside
benefits

Increased
Compatibility
(Technology)

Increased

Resilience

3D Printing
Technologyi

In scope of

Industry 4.0,
Industry 5.0
and PM
context

Source: Spicek 2022

After the literature review and the definition of the research questions, the quest for answers to

these questions started. As a method to explain these phendlifienant case studies were

selected for each topic separatég.is also evident in the example of this thesis, a case study

provides an irdepthexamination of a person, group, or an evémbge and al 2011, 1) a

case study, virtually every aspect of the person's life and narrative is analyzed to find patterns
and causes of actigiKitchenhametal. 1995, 52).

The main features of each case study are explained individually in the following5T @ble

more detailed description of the case study can be found in the sections predicted for th

throughout the core of this thesi
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Table 5: Case studies details

Ordinal
number

Case Study
working
title

Description
of the nature
of the case
study

Case study
location

Forecasted/executec
project

AProje
Cabana:
Augsbu

In-depth,
multi-faceted
understanding
of a complex
issue in its
reatlife
context

Augsburg,
Germany

Cottage of 50 m2, in
the documentation
phase

AnProje
Cabana:
Zagreb

In-depth,
multi-faceted
understanding
of a complex
issue in its
reatlife
context

Zagreb,
Croatia

Cottage of 50 m2, in
the documentation
phase

AStair
Leipzi

In-depth,
multi-faceted
understanding
of a complex
issue in its
reaktlife
context

Leipzig,
Germany

Formwork for stairs
of irregular shape,
implemented project

n3D pr
panels and
col umn

In-depth,
multi-faceted
understanding
of a complex
issue in its
reaklife
context

England,
UK

Columns and panels
for wall sectionsin
planning phase

n3D pr
housin

In-depth,
multi-faceted
understanding
of a complex
issue in its
reatlife
context

Arizona, US

Family house,
finished project

fLeipzig-
Stairs
(Formwork)

In-depth,
multi-faceted
understanding
of a complex
issue in its
reatlife

context

Leipzig,
Germany

Formwork for stairs
of irregular shape,
implemented project
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7 fi3D printed | In-depth, Tianjin- Complete
bridged multi-faceted | Zhaozhou, | reconstruction of the
understanding China ancient bridge,
of a complex completed project
issue in its
reaktlife
context
8 fiSmart Slab | In-depth, Zurich, Loadbearing
multi-faceted | Switzerland | concrete slab
understanding produced with 3B
of a complex printedformwork,
issue in its implemented project
reatlife
context
9 filntegrated | In-depth, Zurich, Customized
Funiculap multi-faceted | Switzerland | formwork from fully
understanding recyclable materials
of a complex for a functional
issue in its concrete slab,
reatlife implemented project
context
10 i 3D pr|lindepth, Beckum, Family house
house multi-faceted | Germany completed project
B e ¢ k u m understanding
of a complex
issue in its
reaklife
context
11 ATr adi|lIn-depth, Berlin, Family house
housel multi-faceted | Germany completed project
Ber | i n|understanding
of a complex
issue in its
reaklife
context

Source: Spicek 2022

Empirical research isesearch that is founded on the observation and measurement of

phenomena that the researcher directly experiefitesdata gathered in this manner can be

compared to a theory or hypothesis, however, the results are still based on real life

experiencesAll data collected is primary data, although secondary data from a literature

review may provide the theoretidackground Emerald Publishing 2023).1
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Table 6: Overview of the empirical part of the research

General method /sampling

Research question

Key result

MAIN RESEARCH
QUESTION

Accumulated conclusion of
the results of the entire
research (all case studies)

MRQ: i What are
factors in ensuring success
(or causing failure) of 3D
printing technology in
construction project
applications

Relative advantage, Ease (
use (complexity),
Trialability (divisibility),
Compatibility, Absorptive
capacity, External pressure
Uncertainties, Suppigide
benefits and Demarside
benefits weraffirmedas
mostrelevantsuccess
factorsof construction
projects utilizing 3D
printing technologyAs
some other drivers that may
affect the feasibility of 3DP
construction projects
matters of ethical issues an
the process of obtaining a
building permit werelso
considered. In meeting
fiConstruction 5.0 criteria,
defined impact dimensions
include Increased
Environmental
Sustainability, Increased
Construction Safety,
Increased Compatibility
(Technology) and Increase
Resilience)

STAGE 1

Challenges in introduction
of 3D printing technology
to construction projects

2 In-depth case studies

SRQL:AWhat are
impacts on construction

project management by sug
disruptive technology as 3[
printing?o

SRQ22AHow <can
impacts be addressed /
investigated with the
purpose of achieving the
economic profitability,
guality, and safety of

construction

The impact of3D printing
technologyon project
management in the
construction sector is
multifaceted and complex,
and it will have a definite
influence on the role of the
project manager in the
coming future

Only by being aware of
thesefactorsand their
implicationsis it possible to
determine the construction
method in advance and
create a trustworthy
decisionmaking tool in the
case of a dilemma regardin
the best construction
technique.
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STAGE 2

Project organization
structure

3 In-depth case studies

SRQ3:AWhat has
discovered to date about th
roles, responsibilities and
interactions of key
participants in construction
projects utilizing 3D
printing tec
SRQ4:AWhat con
can be substantiated about
the rolesresponsibilities,
and interactions of key
participants in projects
involving 3D printing
technology linked to the
conventional construction
model ?0
SRQ5:Ai Do
management
methods/project
organization structures nee
to be modified to this
comparatively innovative
technol ogy?o0

exi st

There is a lack of existing
body of research on the
impact of 3D printing
technology on the roles anc
responsibilities within the
organizational structure of ¢
construction project.
Evidence from the relevant
casestudies demonstrates
that the primary impact of
the new technology will be
on design, supply chain, an
quality, which means that
project management will be
required to coordinate
integration, scope,
procurement, risk, and
stakeholder management
responsildities and
processes.

project management
professionals will be
confronted with new set of
challenges, specifically in
the fields of integration,
scope, risk and stakeholdetl
management. Particular
focus should be given to thy
competency model and its
actualization for all key
roles during the preparation
and building processes.

STAGE 3
fiConstruction 5.00:
4 In-depth case studies

SRQ6:Al s 3D pr
technology in line with the
characteristics of the
"Construction 5.0"
paradi gm?o0
SRQ7:AWhat are
implications of 3D printing
technology that meet the
criteria of iConstruction
5.00? 0

3D printing technology was
acknowledged to be at leas
moderately superian
meetingfiConstruction 5.0
criteriato that of more
common construction
methods in practically all
regards, which is
particularly evident in the
impact dimension entitled
"Increased Environmental
Sustainability (ES)
Through the prism of the
humancentred approach ar|
humanrobot collaboration,
humans will be able to
maximize their creative and
inventive potential, while
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robots will perform dry,
repetitive, and even very
complicated tasks by mean
of automation.

STAGE 4

Analysis of critical success
factors

2 In-depth case studies

SRQ8:AiHow ar e
success factors applicable
through case studies of 3D
printing projects and how
these same factors behave

In both cases, the factors
mentioned were identified ¢
being tangible, relevant,
applicable, and research
worthy.

the context of conventional
construction

Source: Spicek 2@
1.4.6 Scope of the research

The focal point of this research lies in construction projects performed using 3D printing
technology As mentioned on several occasianghis thesis3D technology has the potential

to solve some of the challenges of the modern construction §Betonan 2012, 155; Khajavi
etal. 2014, 50; Labonnotetal. 2016, 347; Walteetal. 2004, 9).

Nevertheless, the full momentum of the technology iststilome(Yeh et Chen 2018209,
and this vitality is unlikely to be realistwithout process standardization and the resolution of
problematic circumstances, both in theory and in prat8pe&eek 2020, 220).

From a more theoretical perspective, several theories have been observed which could define
critical success factors for construction projects using 3D printing technology, whereas from a
more practical side of the research, the focus has been on case wtudh attempt to answer

how these factors work in the "real world" and upon what the success is depéisterihese

topics could provide a clearer picture of the level of adaptation of this relatively new
technology Given that the research was part of a PhD study, no specific budget or grant funding

was envisaged.

All research related to this thesis was conducted between the beginning of 2018 and the end of
2022. Representative examples of construction projects using 3D pritgaigpology were
targetedIn a sense, these are pioneering projects that are considered to be beyond the scope of
everyday construction arréach outside the parametefgaraditionalbuilding methods Case

studies in the U.S., China, the U.K. and Germany were selected based on their leading role in
this emerging trendGhunetal. 2018, 397, aswell as countries that are not yet as prominent
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on the global scene of 3D printing technology applied within construction projects (e.g.,
Croatia and Switzerlandlror the projed studied 3D printing technology was allowed to be
partially combined with traditional construction methods, with the rule being that the structural
design (particularly the shell) was done via 3D printing, and conventional methods were
allowed to be used for thimishing works (e.g., installations and suchlike)terms of projects,

it did not necessarily have to be the entire building / structure, as the example of the case studies
on formwork or slabs showall other assumptions anknitations as well as any expected
controling, extraneous, or confounding variables that might potentially distort this research if
not correctly addressed, will be explained in detail (based on each individual case study) in
Chapterl0.

1.4.7 Thesisstructure

The different chapters of this thesis are illustrated and interconnected throughdFigure

Figure 4: Thesis structure

Chapter 2
Literature review
!
R . Chapter 6 Chapter 7
Chapter 3 Chapter 4 Chapter 5 Chapter 6 ipter
Conceptual part Challenges in 3D Project 3DP technology for Case studies in . C;]Tptlirﬁ?
(Methodological > printing technology | organization g mee?mg g critical success 'Z?:ticaecon ;13:;
tools) - adoption (2 case strueture (3 case COHS'T“CUOH_ 50(4 factors analysis (2 B factor:
studies) studies) case studies) case studies) suceess factars
Chapter 0 Chapter 10
D._PL_ Assumptions and
iseussion - limitations /
restrictions of the
research
Chapter 12
Cha 131‘11 N Contributions to
Conclusion the body of new
knowledge

Source: Spicek 2023
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2 LITERATURE REVIEW

2.1 Integration of new technologies in the management abnstruction

projects

Despite the fact that there is no unified definition of what determines project success, authors
agree that project success can be reached through good measures taken by the project manager
(Radujkovic and Sjekavica 201%). The main driver of any project is people, and competent
project managers are critical even for megaprgactess (Misic and Radujkov2915, 7).

Managing the risk of a project is one of the most significant responsibilities of a project
managerRisk management in construction projects is full of deficiencies that have an impact

on both its effectiveness as a project management function and eventually on project delivery
performance (Serpeletal. 2014, 653.

Risk management is delineated as the process of identification and evaluation of risks and the
use of methods to redutieem to an acceptable degree (ToladiLl 881). Hence the main
objective of risk management within a project is to identify, assess, and control the risk to the
project execution (Leetal. 2009 5880. Foralmost every project, the goal is project success.
Nevertheless, this implies dissimilar matters to various individuals. Whereas some authors
view time,cost, and quality as the most dominant criteria, others suggest that success is slightly
more complicated than that (Chan and Chad42Q). It seemghat the idea that a project is
successful if it onlymeets the goals of time, cost, and quality is presently obsolete. This may
be corroborated by (Collinend Baccarini2004, 21} who argue that time, cost, and quality

are not the onlgriteria for project success and that it is mandatomydiouct project managers

to consider criteria other than this triaf8hpkriGhasaberand KavousiChabok2009 1).

Proper distribution of reduced resources is promoted by recognizing the key factors for
construction project success (Chua etlB9 1). Yet, one of theontinuing problems with
projects is the realization that implementatiopd®r, and the primary desired goals are not
achieved, particularly with respect to project schedules and (@etiujkovic and Sjekavica

2017 1).

As mentioned, le labour productivity in construction has become a major constraint in the
construction industry. Fanost countries, labor costs account for 30% to 50% of total project
expenditures (Yates and Guhathakurta 1983 McTague and Jergeas 2002 and are thus
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regarded as a true indicator of the economic success of the project (Soham and Rajiv 2013
583.

As construction is Bbourintensiveindustry, this impact not only validates the concerns about
labourproductivity, but it can also be reasoned tahburis the sole productive resource and
consequently construction productivity mainly relies on human effort and performance (Soham
and Rajiv 2013).

In order to achieve sustainable construction, efficient management of construction and

demolition waste is imperative. So far, many attempts have been made to benchmark the
management of construction and demolition wadtest efforts, nonetheless, have been made

to study the management of construction and demolition waste from an economical point of

view, while very few studies have concentrated on the environmental and social aspects that

are vital to the effective managent ofconstruction and demolition wagféuan 2013, 1).

Incorporating new technologies and solutions into the management of construction projects is

the possible answer. Technology Readiness (TR) reflects the consumer's desire to adopt and
utilize innovative technologies toeet their daily/business goals (Parasurag@0Q 307). In
addition, it is a measure of posi t201626.0r nec
The TAM (Technology Acceptance Model), which is derived from the Theory of Reasoned
Action (Ajzen 1991, 93 and originally proposed by Das (198%, 1), suggestghat the
acceptance of information systems is determined by two main variates: (1) Perceived
Usefulness (PU) and (2) Perceived Ease of B&OU) (Leestal. 2003 1).

On the basis of the abbreviateahclusions of IDT (Rogers 1962, TAM (Davis 1989 319

and other prominent studies in the field of innovation adoption (Cohen and Levinthal 1990
128 Moore and Benbasat 199192), it is possibleo highlight three groups of variables that
appear to be pertinent to AM technology adoption: (1) technealelgyed factors (relative
advantage and ease of use (complexity)), (2)-fetated factors (absorptive capacity and
compatibility), and (3) markestructurerelated factors (external pressure and perceived

external support) (Oettmeier and Hofmann 2097).
2.1.1 Construction automation as enabler of 3D printing technology adoption

Despite the fact that automation in manufacturing has advanced, automation in construction

has been slow to developrobably due to the fact thathe conventional methods of
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manufacturing automation are not applicable to the buildinfargiescale structures with
indoorfinishing (Khoshnevi2004 5).

Equivalently, the use of automated technology and processes control, commonly seen in the
automobile and aerospace industries, finds no parallel in the modern construction sector. The
sector also battles to upgrade health and safety aspects and stilnasedraditional
procurement practices. These issues are aggravated by the disappearing skills of the workforce
and production methods need to evolve if these problems are to be rggulsect!land al

2018, 37.

Figure 5: The rise in largescale additive manufacturing for construction applications
since the concept inception in 1997
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Despite this obviously negative fact, there are efforts by experts and researchers around the

world to compensate for this lag aonstructionrobotics and automation compared to other

industries.

Evenin 1988 in a study callddAnal ysi s

of

Roboti

¢c Surface Fi

S i tAasthors Skibniewski and Hendrickson discussed homultifunction surface finishing

robot that performs a variety of construction operations may be technically and economically

feasible, potentially offering greater variety and flexibility in building surface deSigay

also concluded thahe use of a robotic machine for a series of comparative, repetitive surface
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application operations is likely to be both technically and economically reasonable
(Skibniewski and Hendrickson 1988, 1).

Similarly, the same authors in the study nafieddut omati on and robotics
and ma n t e ndabatedeow with rising road construction and maintenance expenses and a
shortage of productivity improvementsutomated road construction and maintenance
equipment will be an attractive alternate for completing future routine taske also
indicated that road construction and maintenance tasks have considerable promise for
progressive automation because of the repeatability and relatively low level of sensory
requirements of many of the tasksd that gentually, once singlpurpose automated devices

prove successful, integrated multitasking systems should be fedSkieniewski and
Hendrickson 190, 261).

Using a similar logic, it can be appended that with the developing trend of automation and
robotic technologies in construction engineering and civil engineering, new schematics,
components and tools will be invented to facilitate the process of integration and to obtain the
maximized utility Kim etal. 2015, 347.

The application of such robots in régthe constructions enables the improvement of multiple

parameters such as time, cost and quafiynfaretal. 2016, ).

Figure 6: Robotics in construction industry

Automated machinery Value estimation Payback Return on Final suggestion
(per yearin Rs)  period(years) investment (%)

Reinforcement mat placing 14,79,558 3.19 31.32 Recommended

robot

Interior/floor finishing robot 7,21,531 11.8 8.47 Not Recommended for
small and medium scale

projects.

Quality Inspection robot 2,27,250 3.88 25.70 Recommended

Drones to carry loads 1,19,788 1.66 60.24 Recommended

Sensors to prevent accidents - - 95 Recommended

Source: Kumaet al.2016, 1

As a result of the efforts of researchers and other explesalditive manufacturing in
construction, however, is starting to develop from a modelling tool for architects into a tool
that can be used to manufacture-&itle architectural elements and building components such
aswallsand f @dimatdle2812, 262
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Figure 7: Practical Applications of Concrete Printing Process
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SourcelLim etal. 2012, 267

In astudy calledi Addi ti ve co-ofghearmutct i omal IS¢ md ewasand
concluded thaadditive construction has the capability to transform the construction industry,
though its success depends on the willingness of the entire construction community to
overcome three main challenges: the need for an architectural shift in paradigm, fisgynece

of a holistic design process, and the need for more rational dék@msnnoteet al. 2016,

347).

Methodical researcimdicates that after years of developmenrD Printing technology can be
applied to largescale printing of architectural models and buildings. Nevertheless, the full
scope of the technology's potential is constrained by the lack ofdaade implemertions,

the development of building data modelling, the requirements of mass customization, and the
lifecycle expenses of the printed projects. It is therefore expected that future studies will be
conductedn these areas to consolid#te stability and broaden the applicability of finting

in the construction sectgWu etal. 2016, 21).

Another study states that additive manufacturing provides design optimization-dechand
production of customespecific components, supporting a wealth of evidence found to
underpin the promise of additive manufacturing in the fields of (1) custorhiealthcare

products to enhance public health and quality of life, (2) reduced impact on the environment
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for manufacturing sustainability, and (3) more simplified supply chains to increase efficiency
and responsivenessfulfilling demands(Huangetal. 2012.

In another study calle@3D printing trends in building and construction industry: a reviaw

similar conclusionabout the advantages of this technoleggs drawnstatingthat a novel
application of this technology to the built environment seems to enhance both our traditional
construction strategies as well as reduce the need for manpower, high capital investments, and
additional formwork Also, the same study testifies to the more massive emergence of 3D
printing technologies of relevant scientific workdgure 8 shows the numbesf conference
proceedings and journal articles published on 3D printing for B&C from 1997 to 2016. There
were 42 publications in the first 16 years of thelgtperiod from 1997 to 2012. Between 2013

and 2016, there were 73 publications, which is almost double the number of publications in the
first 16 years, demonstrating that the level of interest in 3D printing for B&C application has

significantly expandedverthis period(Tay etal. 2017, 26).

Figure 8: Trend of publication output over the years
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Freedom of design, mass customisation, waste minimisation and the ability to manufacture
complex structures, as well as fast prototypingre stated athe main benefits of additive
manufacturing (AM) or 3D printingTuanetal. 2018, 172).

ThepapeniStateof-the-art of 3D printing technology of cementitious matexdaAn emerging
technique for constructiosummarizes the facteatSignificant progress has been made in the

last few years in the development of laggale 3D printers to satisfy the demand for 3D
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printing on an industrial scale. Materials containing cement that are compatible with 3D
printing are encouraging the rapid adoption of this cuiidge technology in the construction
industry, with the benefits of cost effectiveness, high efficiency, flexibility of design, as well
as being ecdriendly (Ma etal. 2017, 1).

Attention to the development of automation and robotics in the construction industry seems to
be growing, and awareness of the potential benefits of developing automation and robotics
technologies is increasing as w@Higure 9 below). Although research and development
(R&D) may facilitate advancement of the state of the art and provide considerable savings in
time and money over the long term to the companies that use it, the cost of R&D is expensive
in the short term and resources are comsrhi The analysis of trends in existing research is
helpful in identifying where further R&D is needed angioposing directions for research in

thefuture (Hyojoo 2010, 133.

Figure 9: Distribution of Research and Development by a Category
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Source:Hyojoo 2010, 133

The studyfiTrends in Robotics and Automation in Construadic@among other thingsShows
the gap between the construction and automotive sector in terms of productivity and the
number of industrial robots, demonstrating the necessity of further development of all aspects

of robotization in the constructiandustry(Balaguer and Abderrahim 2008, 1
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Figure 10: Productivity of the construction and automobile industries in EU
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Figure 11: Number of industrial robots (IR) in EU and its price in US$
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Many of the first applications of AM technologies were in aviation, automotive, and health
services.Expanding on the advances of AM in these sectors, there are several as yet

experimental implementations of AM in the construction indu§&amachand al 2018, 110

Currently, one of these methods being explored both in academia and in construction practice
Is additive manufacturing of concrete (AMoC). However, despite a steadily growing number
of scientists and private enterprises involved in this field, AMoC isistits early stages.

Nevertheless, the different permutations of these manufacturing techniques are continuously
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being refined and optimizéJnderlying scientific comprehension of the links among design,
materials, process, and productis beingexpldredd a st udy call ed AAddit
concrete in construction: potentials and «c¢h;
examples of 3D printing projects arentioned Bosetal. 2016, 209.

Table 7: Examples of noteworthy 3D construction printing projects

Noteworthy 3D printing projects with short description

1. Two-storey house in China, measuring 408, built by Beijingbased HuaShang
Tengda in 2016

2. Interior of a hotel Suittne as ur i ng 1n in te Rhilippides, Bompleted 20
September 2015, by Total Kustom

3. Fivesstorey apartment building in Suzhou, China, completed in January 2015 by
Winsun

4. Suzhou, China, a 11002 villa, by Winsun, completed early 2015.

5. Series of 10 houses, in Suzhou, China, by Winsun, 2014. Printed with a massive
150 | Printer 6. 6

6 . Childrenbés Castl e, Mi nnesot a, USA,

7. Office building in Dubai, UAE, measuring 252, 2016, by Chinese construction
company Winsun. The building was prin
(approxi mat el ym), B&urirg ad autGntatedrobobtic &m 1

Source: Bogtal. 2016, 214

Combination of threelimensional (3D) scanning and cement mes@sed 3D printing
technology is being used to create a new approach to replicatirgjoaical architectural
componenthat is conventionallyabourintensiveand expensivéo manufacturgXu et al.
2017, 85)

In the article entitlediEconomic Implications of 3D printing: Market structure Models in light
of addi ti ve man utfwasstatedthat aldjtiveRreanwiacuring és currently

being touted as the spark for a new industrial revolution, where the technology enables the
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manufacturing of tailored goods without adding costs in production, as neither tooling nor
moulds are needed. In addition, AM facilitates the realization of more complex and integrated
functional layouts in a onrstep procedure, thereby reducing the resqugnt on assembly
operationsin addition, this article discusses the impact of AM technology at the enterprise and
industry levels. Using an analysis of established economic patterre;ahemic(Figure 12
below)and technologicalFigure 13 below) charcteristics of AM have been tgemined and

four key principles of relevance to enterpfiseel producers argighlighted (Weller et al.

2015, 21).

Figure12AM technol ogyds opportunities and | i mi
perspective

Technological characteristics of AM

+ Direct digital manufacturing of 3D product designs without the need for tools or - Solution space limited to ‘printable’ materials (e.g., no combined materials) and
moulds by size of build space

+ Change of product designs without cost penalty in manufacturing - Quality issues of produced parts: limited reproducibility of parts, missing
resistance to environmental influences

+ Increase of design complexity (e.g., lightweight designs or integrated cooling - Significant efforts are still needed for surface finishing
chambers) without cost penalty in manufacturing

+ High manufacturing flexibility: objects can be produced in any random order - Lacking design tools and guidelines to fully exploit possibilities of AM
without cost penalty

+ Production of functionally integrated designs in one-step - Low production throughput speed

+ Less scrap and fewer raw materials required - Skilled labour and strong experience needed

Source:Welleretal. 2015, 30
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Figure 13AM technol ogyds opportunities and | i mi

Economic characteristics of AM

+ Acceleration & simplification of product innovation: iterations are not costly - High marginal cost of production (raw material costs & energy intensity)
and end products are rapidly available

+ Price premiums can be achieved through customization or functional - No economies of scale
improvement (e.g., lightweight) of products

+ Customer co-design of products without incurring cost penalty in manufacturing - Missing quality standards

+ Resolving “scale-scope dilemma”: no cost penalties in manufacturing for higher - Product offering limited to technological feasibility (solution space,

product variety reproducibility, quality, speed)

+ Inventories can become obsolete when supported by make-to-order processes - Intellectual property rights & warranty related limitations
+ Reduction of assembly work with one-step production of functional products - Training efforts required

+ Lowering barriers to market entry - Skilled labour and strong experience needed

+ Local production enabled

+ Cost advantages of low-wage countries might diminish in the long run

Source: Welleetal. 2015, 44
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Figure 14: Key principles of production with AM technology

. - On-demand direct digital manufacturing of 3D product models enabled
Versatile d prod id] ilabl inal ies of scal
ufa ctur'mg - End products are rapidly available at constant marginal cost (no economies of scale)
machine - Local availability of versatile manufacturing resources with standardized interface
r - Product designs can be customized without cost or time penalties in manufacturing
Customization o . ] . N
and flexibility - Volume and product flexibility without cost or time penalties for machine setup or changeover
for free - No tools or moulds needed
Complexity for - Higher design complexity without cost penalty in manufacturing
free - Little design constraints for products
ar pr
- No cost penalties for higher product variety
. - Direct production of functionally integrated parts (e.g., moving parts, cooling system) possible
Reduction of . Pd on steos inmvol ly grated parts (c.g & patts. g system) p
assembly work - Fewer producf 1Ion steps 1Im0 [ved .
- Lower manual intervention throughout production processes

Source: Welleetal. 2015, 46

The factors listed in Figur#2 and Figure 13erved ashe startinggroundfor labelling the
critical success factors in construction projects using 3D printing technology, as there such
research trends are missing in the construction sector. Nevertheless, their limitations were

considered due to the specifics of the manufacturing sector.

The paper call ed fmaking onemplemehtingfraboticsdeanstraction n
introduces a framework for a computerized decision aid in the form of an expert system that
analysegpossible robotic applications in construction. The knowledge base for such a tool
should contain the robotic work performance characteristics and a detailed economic analysis,
and it should reflect company's technical and businessté&nggoals (Skibniewski1988,

188). This was one of the preparatory principles for specifying the deaisaking tools
characteristics in thighesis

From the point of view of the material used, the basic concept that makes rapid manufacturing
feasible is the capacity to selectively control either the material deposition or the material phase
change activation. Additionally, rapid manufacturing is relan a complete digital rendering

of the geometry of the items be produce@Buswelletal. 2008, 224).
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Compatibility of currently available materials, however, has been a barrier to widespread
adoption andnarket penetratiorP@ndaetal. 2018, 666).

The requirements are also very different in the United States than in Japan, for example. The
disparities in cultural, economic, and business conventions help explain why construction
automation and robotics is sparking so much action and investmenaim da so few in the

United StategEverett and Saito 1996,22). This discrepancy in trends between certain
countries is also visible in the case study section that deals with the project organization
structure, presented in this thesMdso, the difference is visible in the comparison of target

construction standards between, for example, the USA and Ge(@hapter 7.3.)

According toRomdhaneand ElSayeghthere are four categories of challenges: Material,
Printer, Design and Construction, and Regulationsureigpb illustrates the key categories and

theaccompanying challengéRomdhane 2028nd ElSayegh 314).

Figure 15: Challenges of 3D printing

Challenges
Material 3D Printer CDe3|gn & Regulations
onstruction
Printability Scalability g;‘;'\‘;'é’;gs | Codes
. - Directional . N
Buildability | Dependency — . Integrity | Liability
Open Time | Cybersecurity | L Con&‘éirtLéctlon

Source:Romdhane 2028nd EtSayegh 316

In terms of future prospects, Contour Crafting (CC) was recognized back in 2004 as a
technology for layeby-layer fabrication that has significant promise for the automated
construction of entire structures as well as subcompangsitgy this method, a singular house

or a colony of houses, each potentially with a different design, can be automatically constructed
in a single run, with all wiring for electrical, plumbing, and air conditioning being embedded

in each homeThere has also been research on the application of CC in the construction of
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habitats on other planetgost likely, CC will be one of the few viable approaches to construct
structures on other planets, such as the Moon and Mars, for human habitation before the end
of this centuryThis field is also a good indicator of how far behind the construction sector is
compared to other sectors (¢.ganufacturing(Khoshnevi2004 5).

The paper, titledCable Robotic 3Bprinting: additive manufacturing on the constructiongsite
details an important step in the characterization of a new field of research in robotidlusign
uses a cabldriven parallel robot to extrude cementitious material in tdieeensional space

This will offer a comprehensive new approach to compaitded design and construction, as
well as robotic manufacturing on a larger scBleveloped by the Faculty of Art and Design

at Bauhaus University Weimar, the Faculty of Architecture at Dortmund University of Applied
Sciences and Arts, and the Chair of Mechatronics at the University of DuiSbseq, that
approach provides unique adtages over eximg additive manufacturing methadsis easily
transportable and scalable, it eliminates the need for additional formwork or scaffolding, and
it provides digital integration and information control across the entire design and construction
procesgHahlbrocketal. 2022 305.

2.2  Ethics in construction projects utilizing 3D printing technology

Some of the following fragments that could be challenging in the standardization and
automation of construction projects that use 3D printing technology is the ethics of such
projects. According to Cambridge Dictionary, ethic is a system of accepted liesietontrol
behaviour, particularly such a system that is basedarals (Cambridge Dictiona3022 1).

Ethics management, business ethics,amgorate social responsibiligyre latest ethieselated

issues for all corporations globally, and there is not enough proof that the same level of
attention is being paid to ethics management in the construction industry and construction
projects Kangetal. 2004, 1)

If this is the situation with conventional construction, it can be presumed that in projects that

use 3D printing technology, the matter of ethics is even more overlooked (due to the fact that
3D printing technology in construction is a comparatively irative expertise). The goal of

this article was to explore that assumption and to draw conclusions from conventional

construction as a foundation for upcoming research into ethical concerns in projects that utilize

3D printing technology.
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In this |iterature review article, the nGoo
articles that discuss ethics in construction projects in overall, and they were categorised by
significance and publication date. Afterwards, further articledomt hn Googl e Sear ch
with the same subject were sought and ordered in the same manner. The complete process was
then duplicated for construction projects using 3D printing technology. This process is visible

in the graphic below Figure 16). The resultsfor traditional construction and 3D printing
technology were separately offered. Finally, in the discussion and conclusion section, the

recommendations for further research on this issue are.given

Figure 16: Ethics in construction projects utilizing 3D printing technologyi Research
methodology

s N
Ethics 1n traditional
construction projects — |
Results 1

M

Is ~ - ~ N ™

Definition of the # Discussion &

research question Conclusion

‘ "‘ Literature Review

h < M J AN

~

P
Ethics in the projects
using 3D printing

technology — Results 2

\_ J

Source:Spicek 2022486
Literature review findings
Literature review 1 Ethics in traditional construction projects

The most frequently quoted study on this tc
construction quality: Perception and eviden
how professional ethics plays an important role in qualityelated dificulties in a
construction project with the deduction that professional ethics is@prétion for reaching

constant and acceptable quality in construction and proposes various tactics to boost
professionalism among construction experts to advamcelencein construction(Hamzah

2010, 3742).

Research called fAEthics in construction proj

are known to follow personal objectives to differing levels and having different
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viewpoints/insights as well as operating/behaving alternatively in various situations
Consequently, determination of the proper structure and content of a project is, expectedly, a
guestion of applying value verdicts and compromidasthat sense it indicates ethical
considerationgFellows 2004, 289).

Addi tional germane studies are occupied witdt
for managing ethics in c@&angdtal 2004, L)o nfi Bptrhoijcesc ti
constr ucuffei®3H2),i Btwbi cs rmuft-aeuhit mgadncongkamguct i on
etal. 2014, 1ont op of HAProfessional eR ahki icgghsametal. constr
2009, 1).

Apropos of norscientific articles, the CHAS portal describes throughaditle known as
APromoting Good Ethical Practice in Constru
choices in both everyday life and businéssand that involves the construction industry as

well. It also presumes that a constructmympany code of behaviour will typically centre
around a basic s et.Thdsetiragaently comsistiofihanesty, integrityv a |l u e
kindness, fairness, and respectfulnédsose five characteristics relate to the unanimity of
comparable articlesthatcanbeb s er ved on t lEe gfi(@iestigOlP2l) Sear ch

Literature review 1 Ethics in construction projects utilizing 3D printing technology

The utmost suitable study, in the field ethics of construction projects that use 3D printing
technol ogy, is entitled AThe Problem with Pr
Printing Technology to ReconstagewtdD priteng i t ag e
technology to remake the Arch of Triumph in Palmyra has unlock#®lan d or adés B o X
ethical problems regarding the use of digital technology to preserve inheritance embodied by
historic objectsand sitegKhunti 2018, 1).

Nevertheless, it is only fraction of the formerly said five aspects of ethics in construction
projects (Minett 2022, 1).From other subdivisions of science, for instance medicine, few
conclusions may be reached abthé ethics of 3D printing where three ethical matters are
spoken: fairness in access to health care, testing for safety and efficacy, and whether these
technologies should be applied to augment the capability of persons outside what is 'normal’
for people(Dodds 2015, 1)
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Analogously,for the construction sector it can theoretically become an ethical question when

building cheaper houses using 3D printing te
Il ssues of 3D Pr i nt-ethicgl!g@eandariesctiar rides wittB 3Dilpingg | e g a
explicitly: Il s A3D Printing the new piracyo,
3D printerso and AAre replicas privacy thres

open doubts on 3D printing and, as oftesuwed related to slightly new sort of technology,
legislators and courts may possibly noteodirely prepared for thefCoraggio 2015, 1).

While it is quite obvious that ethical matters have a great influence on challenges regarding the
quality of construction projects, ethical issuessoth projects are still a pretty unexplored
subject. Nonetheless, there ,ayet scarcesome findings that describe, clarify and support
through various examples the most crucial sections of ethical concerc@nwentional
construction projects. Alas, 3D printing, as a fairly new technology, is even less exemplified
in studies on ethical matters, which ity plausible given the only recent growth of the
technology. Probable conclusions from some other sectors that use 3D printing technology, for

example medicine, would be viable completion of this gap.

Ethical queries of construction projects that utilize 3D printing technology should be an
imperative unit of standardization process and responses to such queries could possibly help to
generate trust among the participants of this projects, for an inthawd more consistent
transmission of information. Accordingly, it couseériouslycontribute to the automation of

such ventures.

For the futureesearchit would be thoughprovoking to understand through case studies and
the several roles and responsibilities of participants of construction projects that utilize 3D
printing technology, how certain projects have demonstrated themselves in the fiedd of th
abovementioned topics of honesty, integrity, kindness, fairness, and respectfulness. Those
conclusions could be extremely beneficial when analysing the critical factors of success (or
failure) of such projects. More could beentold regarding the faavhether the expertise of
ethics from conventional construction projects is satisfactory or whether it is required to create

new theories and/or to modify them to this new technology.
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2.3 Construction project organization for 3D printing technology

2.3.1 Construction projects using 3D printing technology (strengths, weaknesses,

challenges, critical success factors)

In the course of the development of construction technology, the application of prefabrication
was marked as one of the milestones that brought significant improveientsver, it was
determined that appropriate criteria for evaluating applicability to a particular building were
not satisfactorily offeredviaking decisions about the application of prefabrication is for the
most part still based cenecdotal evidence or a purely ebased evaluation when comparing
different construction method€henetal. 2010, 848).

It could nevertheless be an important source of lessons learned about today's 3D printing
technology, which lackstandardization, fundamentals, and benchmark examples of successful
construction projects using 3D printing technolo@hreedimensional (3D) printing in
construction engineering has evolved quickly in recent years and is being prototypically used
for rather smalscale building and bridge construction proje@sveral 3D printingpased
solutions, nevertheless, are still at the stage of laboratory experiments, so the question of how
to successfully use 3D printing continues to be one of the biggest challenges for the

constructionndustry(Beskluboveetal. 2021, 1).

The same authors suggested nine potential factors andtthatgf their measurements that
govern the decision to adapt 3D printing technology into construction projects, where the most
important factors for the success of 3D printing technology in agigin were "technology
compatibility”, "supplyside advantages", and "complexiteskluboveetal. 2021, 1).

In addition, the theoretically near field of "additive manufacturing” refers to technologies in
which threedimensional objects are built up layer by layer, with each successive layer bonding
to the preceding layer of molten or partially molten matefiaé pertinent studies on this topic

have focused on the additive manufacturing implementation process and are being driven by
the lack ofsocictechnical studies in this ateThe emphasis is on the need for existing and
potential future additive manufacturing project managers to have an implementation
framework toassist their efforts in implementing this emerging and potentially ground
breaking technolog{Mellor etal. 2014, 194).
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Also, the research of Sonar et al contributes to identifying the factors of additive manufacturing
from a general viewpoint, while contespecific factors require further explorati®onaret
al. 2020,1837).

The two studies mentioned abogidellor et al. 2014, 194; Sonaet al. 202Q 1837)also
confirmed that the issue of roles, responsibilities, and interactions of key stakeholders in
construction projects using 3D printing technology is stitlatively new topic that should be

studiedmore in the future.
2.3.2 Collaboration between construction project key participants

Within the field of conventional construction, there are notable models of collaboration
between project participants, the conclusions of which can conceivably be extrapolated to
projects that utilize 3D printing technology. One such example is the staidgytaken as part

of Papernamed: A systematic review of o6enablers of
construction projectso seeks to identify th
(Deepetal. 2019, 919)

Thestudyii | mpact of participants examinesehe mathodsc o n s t
by which values are determined aoplerationalized in the context of construction projects,
especially with regard to sustainabilifjhe TMO (the project temporary mutirganization)

is aneverchanging, mukbbjective, powebased alliance that raises oscillations in the values

used to govern the project as it progresses, making performance evakxtiemely
problematic As values are peoplgefined, they are rooted in cultukénderstanding culture as

an operational concept in the project's value system encourages the knowledge and
development of ideas and practicelted to construction project sustainability for the reason

already mentioned, namely that values are defined by péégllewsand Liu2008, 219)

While this is a potentially intriguing approach, the effect of the progressive membership and
power structure of the temporary mudtiganization (TMO) should be further evaluated in
projects utilizing 3D printing technology, with the strong suggestiohttiea cultural factor
should be incorporated as a vital factor in the sustainability of construction potfesatshan
temporary multorganization (TMO), the impact of participant values on construction
sustainability is a segment that is worth invesiigg in projects using 3D printing technology.

It is evident that technology is one of the core ingredients for the success of construction
projects. Nevertheless, even the most advancedtéaihalone cannot necessarily guarantee
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success. Evidence from the field is plentiful that various users are achieving different results,
even despite the fact that they are using the same technology. This is linked to the people’ role
and the manner in which they are skilled and organized progct. Therefore, the only
scenario that will lead to higlevel success is one in which advanced technology is paired with

appropriate organization and management

2.3.3 Roles,responsibilitiesand interactions of key participants in project

organization structure

Various project management standardammet hodol ogi es (e. g. , I SO
regulations of the countries where the case studies took place, and several aspects of the
literature (scientifiqppaper$ were examined in order to outline the roles, responsibilities and
interactions of the key players within the organisational structure of construction prujects.
accordance with IS@nternational Orgaaation for Standardation), an individual can only
undertake one rojewhile their responsibiliss are detailedin the 1SO document(ISO
21502:2020202Q 15). It describes the roles and responsibilities of, among othesgecpr
sponsors, projechanagers, project officers and project participants in gerasrdlustrated in

Figurel7 below.
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Figure 17: An example of potential project stakeholders

Governing body

—~ Sponsoring organization ~
~ Project board ~
< N
4 AN
/ Project .
Customers sponsor Suppliers AN
Regulatory bodies Employees \

Interest groups Business partners \'

/

Users Finance providers

Work package leaders

SourcelSO 21502:2020 2020, 15

P M| dfficiall project management methodology published by the European Commission)
indicates that there is a project team composed of the people assuming the roles defined in the
Performing, Managing and Directing Layers, and in order to make the project successful, these
individuals must work together as a tedfaving strong cooperation and communication
between the Business Manager (BM) and the Project Manager (PM) is vital to the success of
the projec{P M| 223).1 8 ,
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Figure 18: Project Organisation: Layers andRoles

ovel Appropriate Governance Body |[AGE)

Project Steering Committee (PSC)

i . Project Owner Solution Provider
yer POy} (5P)

g Business Manager Eallabioration & Project Manager
yer (BM1) Commurication (PRM)

Business Implementation
Group (BIG) Project Core Team (PCT)

{Usar & Business Repressntatives)

SourceP M] 2281 8,

The above examples verify that the organisational structure and key roles and responsibilities

are acknowledged as crucial components of successful project management.

Despite thevariations in the organisational chart, a more detailed analysis could validate the
stability of the key concepts and attitudes, while the details could be adapted to the project

characteristics and project ecosystem.

Looking at the laws of individual countries, German law, for instance, can be split into two
broadareas of law characterised by different legal principles and jurisdictions: private law and
public law, where law regulates legal relations between equal legal entities and has the duty of
shielding the legal interests of individualls particular, the German Civil Code (BGB) states

that there are many other parties involved in the construction process in addition to architects
and engineersThese includeamong other partieshe client, the architect and the various
specialist engineers involved: sttu@l engineers, building services engineers, acoustic
engineers, engineers foaffic installations, geotechnical engineers, surveyors,Geotrary

to Germany, where the law is codified and thus a unified and generic construction contract law
applies, legally regulated in the BGB (German Civil Code) and further specified by the VOB/B
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(German Construction Contract Procedures), a comparable legal framework for construction
industry contracts is virtually absantEngland(Wirth etal. 2004,329).

Notwithstanding this, clients, designers, contractors and others engaged in construction
activities have obligations under the Construction (Design and Management) Regulations
2015 The parties referred to in the CDM Regulations are the clidreg person for whom a
project is being undertaken, the principal design@ho has control of the pr@nstruction

phase of the project (appointed by the client), the desigtier organizabn or person who
prepares or modifies a design for a construction prgjeetho instructs or guides another to

do so, the main contractethe organization or person who is responsible for coordinating the
work in the construction phase of the project involving more than one contractor so that it is
performed in a manner thassures safety and health, ahd contractor any person who

directly employs or hires construction workers or manages the constr(€fdivi 2015, 1).

Three branches of governmemte known in te US: the judiciary, the legislature and the
executive.Each of the branches mentioniedcontributingto the laws that regulate planning
and building contractsDifferent laws may apply to a construction project depending on,
amongst other factorgihether the project is private or public, the country in which the project
Is sited, and the sort of project concer@dA Piper 2022, 1).

The construction law in the US is the field of law that addresses the regulations, guidelines and
requirements in the construction industry and encompasses components of contract law,
property law, commercial law, labour law and many other subjectedsentially a collection

of regulations that regulate the way in which a construction project should be executed and
who is liable if somethingails (Budde 2022, 1).

Based on the interpretation of the construction contract, one could conclude that the parties
involved in a construction project have the following roles: Owners, Architects/Engineers,
Construction Managers, Contractors, SubcontractorSapgliers(Caravella 2022, 1)which

have responsibilities and scope of work not too dissimilar from the roles and responsibilities
outlined in the previousaidcountries. In all selected countries, the main stakeholders and their
roles and responsibilities are broadly defined in the regulatatisonly minor variations.
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2.4  fConstruction 5.00 Paradigm
2.4.1 Industry 4.0 overall A suitable foundatioffior identifying impact dimensions

According to the authors of the paper, entitled " Industry 4.0 technologies: Implementation
patterns in manufacturing companies,” Industry 4.0 is considered a newly emerging industrial
era where several upcoming technologies converge to deliver digital balsitionsThere is,
nonetheless, a shortage of comprehension on theénmaich companies are adopting and
implementing those technologieBhus, the goal of theabovementionedpaper is to provide

an explanation of the adoption models of Industry 4.0 technologies in manufacturing
organizationswith several limitations opening up new directions for potential future studies
(Franket al.2019, 15)

Another question is the extent to which the models from this example can be applied in the
Industry 5.0 environment, as they focus only on the digital facets of the transformation and
ignore the humawentric perspective as a basic principle of the InguStO approach.
Additionally, it is questionable to what degree this manufacturing model is usable in the
adjustment in the project settingevertheless, sommplications could be applicable and, in

the absence of similar research, could serve as a basis for designing premises within the project

organization.

The Maturity Assessment Framework has been proposed in a different study as a way to
understand the process of transformation in manufacturing organizations that are moving to
Industry 4.0 while also struggling with embedded business challenges that damaretion

of new organizational and technological skilliis was then adapted to 10depth industry

case studies in Canada and lt&gased on a comparative case study assessment, four different
standards or archetypes for Industry 4.0 adoptiore uckemtified and debated, demonstrating

a correlatiorbetween a company's manufacturing setup and its journey towards Industry 4.0
implementation $creminet al.2018 224), whilst stating again that the project's context and

particularities weraeglected

The initialization of Industry 4.0 procedures might be a way to address current market
turbulence and to safeguard the sustainability of the German industrial sector, which is
confronted with strong competition from Chinese and North American businesses, as well as
other market vulnerabilities such as volatile customer demand and shortagewtesThe

critical factors that have an influence on the adoption of Industry 4.0 related operations were
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therefore gathered and explorddhere are two factors that are positively correlated with the
adoption process, the findings indicated, specifically: IT infrastructure and company size. The
negative correlates are 4 factors, which can be further described as: Lack of financial resources,
inappropriate employee skills, reluctance to change, and mdawéy(Balasinghar201§ 1).

Similarly, the fit of Industry 4.0 applications in various production settings is not evident
Purpose of the research "The fit of Industry 4.0 applications in manufacturing logistics: a
multiple case study" is to explore and determine the Industry 4.0 technologies that are usable
in production logistics and how the production setting affects thoptability of these
technologies It is done through a multiple case study in four Norwegian production
organizationsThe findings of the study indicate thaéthsability of Industry 4.0 in production
logistics is dependent on the production setti@yganizations with a lower grade of
repetitiveness in production perceive less opportunity for the adoption of Industry 4.0
technologies in production logistics, while organizations with highly repeatable production see
a greater potentigiStrandhageret al. 2017, $9). This might be a useful implication for a

potentially more troublesome adoption in the project rather than in the production context.

A paper called 'A Maturity Model for Assessing Industry 4.0 Readiness and Maturity of
Manufacturing Enterprises' suggested an experimentally grounded innovative model and its
application for evaluating the Industry 4.0 readiness of industrial companibke tliscrete
manufacturing sectoAmong them, it defined 9 dimensions and allocated 62 items to evaluate

the Industry 4.0 readiness lev&he dimensions "Products”, "Customers", "Operations" and
"Technology" have been established to evaluate the fundaherablersFurthermore, the
dimensions "Strategy", "Leadership”, Governance, "Culture" and "People" allowed the
incorporation of organizational dimensions into the evaluatwoeliminary validations of the
model's structure and content demonstrate that the model is both transparent and
straightforward to apply, and has proven its usefulness invadd manufacturing settings

(Schumacheet al.2016, 16}

Anotherpaper entitled "A conceptual approaclatalysingnanufacturing companies' profiles
concerning Industry 4.0 in emerging economies" introduces a broad conceptual framework for
systematically assessing and tracking the preparedness of manufacturing organizations for
Industry 4.0 in developing economi&eyond an exclusively technology focus, this approach

includes different organizational, managerial, employee, and systemic interaction dimensions
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Framed within a conceptual framework, @goroach suggests that producing organizations
can be typified by different " levels of readiness for Industry é@rvatet al.2018, 419).

Gauging the adoption of Industry 4.0 in the manufacturing sector is somewhat problematic
given the absence of a single definition of the term as well adattkeof information
specifically gathered on Industry 4.0 concepise study presented in the paper "Assessing
Industry 4.0 readiness in manufacturing: evidence for the European Union" is measuring the
existence of the factors that are characterizing Industry 4.0 in manufacturing across EU
countries Their analysis reveals that the existence of a digital infrastructure coupled with
analytical skills to handle Big Data are the two dimensions that show readiness for Industry 4.0
in anycountry CasteleBranm 2019 22). Theparadigm of Industry 4.0 was then applied as a

basis for possible conclusions for Industry 5.0.
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2.4.2 Industry 5.0 Concept and patterns

A decade following the introduction of Industry 4.0, the European Commission has declared
Industry 5.0Industry 4.0 is seen as technoledyyven, while Industry 5.0 is valudriven The
co-existence of two industry revolutions poses some questions and consequently requires
further debate anexplanationXu and al 2021, 530)

Nowadays, we are looking beyond Industry 5.0, that is about personalizing of products
Industry 5.0 demonstrates enhanced cooperation between humans and intelligent systems via
high-precision industry automation empowered by critical thinking (Haleem and Z0/8d

807).

While technology develops expeditiously in the era of digitalization, Industry 4.0 has emerged
as a reference term for R&D in the fields of technology in several sedtois makes
everybody to create technologies that can simplify people's lives and make them more
beneficial Therefore the concept that is introduced is a society revolution that utilizes both
technology and considers the human aspeCtstain fields of work and requirements
commence with digitalization that uses artificial intelligence, Bage) robotics, automation,
machine learning, and theternet of Things (Farug019 67).

As a result of fasgyrowing and evolving digital technologies and-l#dsed solutions, it is
getting harder and more challenging to remain at the foreffbm¢ technology, mass
customization, and advanced manufacturing world is ragmigsforming Need to boost
productivity while not removing human workforce from the production sector presents great
challenge to the global economy, for which a solution has been attempted through the concept
of Industry 5.0 In the paper, "Industry 5.0 A HumanCentered Solution,"” a set of key
characteristics and worries that any producer may have related to Industry 5.0 are also
highlighted with the argument that IndustB/0 is expected to generate more jobs than it will
annihilate Nahavandi 20191).

"On the road from Industry 4.0 to Industry 5.0: from digital manufacturing to digital society"
paper sketches modern technologié®m the Internet of Things temergent intelligence

that get engineered in the organizations where the authors wockrding to them, the
convergence of such technologies will facilitate the transformation from Industry 4.0 to
Industry 5.0 (Skobelev and Borovaw17, 307).
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There are a range of visions for Industry 5.0, as stated in the paper "Industry 5.0 and Human
Robot Ceworking", and one upcoming topic is humanbot collaborationOver the past few

years, robotics and artificial intelligence (Al) research has made considerable advancements
But while there are many studies on humalbot cooperation in straightforward tasks that
concentrate on the development of robots, there is a shortage of studies that address
organizational concerns that may arise fltmummanrobot collaborationRegardless of whether
Industry 5.0 will be predominantly about hurr@iot collaboration or not, humanbot
collaboration is goingo be a game changer for companiesfact, robotics in our lives is

expected to be a momentous game changer for mariBardif 2019, 688).

The paper "Innovation in the Era of IoT and Industry 5.0: Absolute Innovation Management
(AIM) Framework” notes that in the modern business setting of rapid technological
advancements and globalization, fostered by the Internet of Things and Industry 5.0
phenomenon, innovation is imperative for both competitive advantage and economic
prosperity A new framework for innovation management called "Absolute Innovation
Management (AIM)" has been proposed in this research to make innovation more
comprehensible mplementable, and imbedded in daily business by synergistically bringing
together the innovation ecosystem, design thinking, and business strategy to achieve both
competitive advantage and economic growih summarize, innovation, design thinking, and
strategy are combined to make organizations futemey for the Internet of Things and the
Industry 5.0revolution (Aslamand202Q 1).

Not only knowledge and digital life, but also robots that behavehiikeans will take up a
large space in the near fututeis due to the fact that people are starting to collaborate with

Industry 4.0, which in other words means that Industry Sa@riging ¢ zkeser201§ 1).
2.4.3 Construction 4.0 A suitable foundation for identifying impact dimensions

The Construction 4.0 technologies provide the ability to enhance the planning, management,

operation, and decisiemaking of constructioprojects (Osunsanmaind202Q 547).

Over the past few years, the use of #€hnology in the construction industry, referred to as
"Construction 4.0," has grown, largely due to the immense potential of Industry 4.0 to enhance
the execution of construction projects and structure the accompanying management processes

Altogether, the analysis in the paper "Construction 4.0: a survey of research trends" reveals
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that research on Construction 4.0 is strongly linked to the construction (ftexrsieret al.
2020 416).

Nevertheless, as the definition of Constructionebftinuel to be unclear, it was considered
essential to undertake a survey of publications in this #eddording to the results of the study
"Construction 4.0: A Literature Review", the amount of publications is exponentially
increasing, with the US, UK and China leading the Wdys deduction is also clearly visible

in the case studies as part of the project organization structure of this Aldesignally, four
technologies are essential to understanding Construction 4.0 at this time: 3D printing, Big Data,
virtual reality, and the Internet d@hings (Forcaeét al.202Q 1).

Echoing the concept of Industry 4.0, the idea of Construction 4.0 is based on a confluence of
trends and technologies that promise to transform the way buildings are designed, built, and
operated With the pervasive use of building information modeling (BIM), lean principles,
digital technologies, and offsiteonstruction, the industry is on the cutting edge of this
evolution The purpose of the Construction 4.0An Innovation Platform for the Built
Environment handbook" is to outline the Construction 4.0 framework and identify the resulting
processes and practices that will allow us to plan, design, deliver, and operatevinaiiment

assets in a more effective and efficient manner by concentrating on the transformation from the
physical world to the digital world and then back from the digital world tglttysical world
(Sawhneyand202Q 1).

Construction 4.0 stands for the investigation of new technologies by the architecture,
engineering, construction, and operations industries and is the equivalent of Industry 4.0 in the
manufacturing sectoilhese concepts are not just referring to technological aspects, but also
to management and processEse findings of the study "Quantitative Review of Construction

4.0 Technology Presence in Construction Project Research" indicate that new technologies are
addressed separately, while synergy reseandrasAdditionally, it is evident that there is a

major research gap regarding Construction 4.0 technologies in the construction project context
( Sc h?° and2021,K29).

The equivalent of Industry 4.0 in tiEC/FM industry, also known as Construction 4.0,
fundamentally centers around the digitization and automation of the AEC/FM indivtiny
robotics and other technologies entering the various phases of the construction project lifecycle,

worries about the future of both jobs and wages are expected Wlitigrigh the use of robots
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has the capacity to boost productivity and safety, it is not necessarily likely to lead to a decrease
of overall employment in the construction sector in the long.t#ris expected that current
professions will evolve and new professions will be generated (e.g., workers with digital skills
will be required in tandem with construction workeiBased on the study "Implications of
Construction 4.0 to the workforce and organizational structures," it seems that there will be a
time when conventional constitien and robotic technologies will coexigading to increased

job flexibility as well as new roles at both management and operations/execution@Garela (

de Sotoetal. 2019,205).

Traditionally, the construction industry has been marked by a high diversity of stakeholders
and processes, a high resistance to change, and a limited use of technology in comparison to
the manufacturing industrjNevertheless, the construction industry is presently undergoing a
vigorous process of renewal in terms of methodology and tools as a result of the incorporation
of Building Information Modeling, Lean Construction, and Integrated Project Delitrenry
example, the research "MethodologiGa&ichnologcal Framework for Construction 4.0" shows

a methodologicatechnological framework adjusted to the architecture, engineering,
construction and operation industriéisdemonstrates the effects on this industry by reacting

to its complexity and specific challenges, like the unique spaces for each work that are hard to
standardize, random cost overruns and productivity that is far below the average of other
sectors, ingeasing competitiveness and globalization in contrast to its traditionally local
distribution, and the growing requirement to decrease the carbon footprint for all its operations
(La Riveraet al.2020,689).

The adoption of Industry 4.0 is a serious issue for the construction industry (Construction 4.0)
This challenge is even bigger given the low culture of innovation in the construction industry
and the demographic structure of the industyffew executives and a large majority of small
andmediumsized companies with very diverse levels of technological matiititgre is also

a significant challenge in transforming the industry from business models where the product is
"physical in nature" to information and digital products, data, and intellectual business models
(Klinc and Turk 20191).

2.4.4 fConstruction 5.0- Concept and patterns

The fiConstruction 5.0 project seeks to encourage the alignment of technological and digital

innovations for the construction industry along societal dimensions in the coherence of the 17
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Sustainable Development Goals (SDGs) of the United Nations and the Paris Agrgad@Aant
2022, 1).

Figure 19: 17 Sustainable Development Goals (SDGS)
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working groups Construction 4.0 covered technologies such as BIM, drones, robotics, and
artificial intelligence, inclusive Big Data and augmented realitye 5.0 dimension is adding

the social angle to digitization, which also includes commitment to the Sustainable
Development Goals (SDGs), for example, by targeting the industry's key performance
indicators (KPIs) to the UN's 2030 Agenda for Sustainableeldpwent The Construction 4.0
perspective is complementary to sustainable construction and vice versa, as emerging and
digital technologies are expected to facilitate the realization of the Sustainable Construction
Goals It is also expected that the application of robots, artificial intelligence, including Big
Data and augmented reality, will enhance the capacity to supervise construction projects and
improve the construction industry's performance in terms of providistgisable and smart
buildingsinfrastucture CICA 2022, ).

2.4.5 Project Management in Industry 4.0 and Industry-&£0ncept and patterns

The implementation of Industry 4.0 in a production organization is a very demanding process
that consists of many different activiti€uch activities must be planned and managed, and it
is viable to describe this process as a projoe main objective of project management is to
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effectively achieve the desired goal, and this is possible in the instance of the Industry 4.0
implementation projedHirmanet al.2019 1187).

Industry 4.0 has a complexity beyond the modern manufacturing execution system (MES) and
world-class manufacturing (WCM)The purpose of the study "Interaction in Project
Management Approach within Industry 4 @as to demonstrate that the concept of project
management within the Industry 4.0 approach, which seeks to combinedatgephysical

and virtual worlds, is especially impacted by this transformation in the manufacturing sector
Through this study, it is determined that a shift in the project management approach is an
imperative (Cakmak@019 176.

Industry 4.0 is also a multimensional concept that addresses the current trends of automation,
digitization, and data sharing in advanced technologies and manufacturing progésses

this context, project managers are attempting to comprehend the technological changes and
their impact on project management practitegpezRobles202(Q 1).

The 4th Industrial Revolution is questioning the veagure of how we work on all fronti

fact, its impacts are evident in families, organizations, and commu@inespart of the work
environment concerns the way project teams should be manegéuplement the various
technologies that form the foundation of the fourth industrial revolution, speed and flexibility
will be necessaryAs such, this requires project teams and project managers to modify their
practicedMarnewickand Marnewick2019 314).

Since manufacturing IT and Industry 4.0 projects differentiate from conventional technical
projects, other strategies, e.g., agile project management, are required to guarantee success
(Gentner2016 628.

2.4.6 The concept of sustainability in project management

Sustainability is one of the mosignificant global challenges of modern socjetshich is
specifically explaininghow can we develop prosperity while not endangering the lives of future
generations Organizations are incorporating sustainability thinking into their marketing,
corporate communications, annual reports, and operatibissacknowledged that projects

play a central role in achieving more sustainable business practices, and an emerging theme in
project management research is the relation between projects and sustaiabilitg basis

of a content analysis of the sampled articles, it is concluded that sustainability forms a new,
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distinct, and emerging school of thought in project managerdaiining features of this
sustainability school are: Viewing projects from a societal perspective, managing for
stakeholders, applying triple bottom line criteria, and a vabasged approach to projects and
projectmanagement (Silivai2017, 1479.

The content and understanding of corporate sustainability varies depending on the context (van
Marrewijk 2003 95).

The concept of sustainability in project management is expected to gain prominence in the
coming yearsQuestions ofustainability and how sustainability aspects can be incorporated
into project management are already wilcumented in the scientific literatur€hereis,
nevertheless, still a gap between what is suggested in the literature and what is actually applied
in practice (Oklan@015 103).

In the present day, the conditions (socioeconoemigironmental, and technological) in which

both organizations operate and projects are implemented are continuously transfasrang
result, sustainability is emerging as one of the most significant driving forces in organizations
and projects, making the relationship between project management and sustainability a crucial
factor(Tufinio et al.2013, 91).

Project management and sustainability topics have been covered in numerous studies, but there
is still a need for more researchncentrating on the overlap of these topidse study "Key

factors of sustainability in project management context: A survey exploring the project
managers' perspective” considers sustainability from the triple bottom line standpoint:
economic, social, and environmentdlhe findings reveal that four factors stand out:
Sustainable Innovation Business Model, Stakeholder Management, Economic and Competitive
Advantage, and Environmental Policy and Resource Conservd@fiariens and Carvalho

2017 10849.

The integration of sustainability into project management demands the incorporation of a

holistic set of sustainability principles and not just a s@tditators Silivus 2017, 1479

In recent times, sustainability has become a growing trend; small and rrgdedenterprises
(SMEs) are emphasizing sustainability principles more and more in their business
managemeniThe outcomes of the research "Critical Success Factors of Project Management
in Relation to Industry 4.0 for Project Sustainability" indicate that organizations perceive
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leadership and experience, as well as people and flexibility, as the key factors for the project
management success. The main critical factor for the sustainability of projects with a focus on
Industry 4.0 is funding, which determines the executioprojects (Vrchotat al.2021, 287).

In this thesis, the dimensions of the impact of 3D printing of@wastruction 5.0 criteria

are also determined in accordance with the concept of sustainability in project management.
2.4.7 Increased Environmental Sustainability

Taking into account the quantity of concrete manufactured and the number of concrete
structures built, the problem of associated environmental impacts presents a major part of the
overall sustainable development problem globaflg such, the utilization of ecologically
optimized concrete structures offers the promise of increasing construction quality and, as a
result, decreasing environmental impaétdife cycle analysis is a complex, multiparametric
assessment of the environmental impact of a structure over its entire life cycle and it includes
all the environmentdhctorsof the structurewhile addresmg all major environmental issues

in a singular assessment process, including CO2 emissions, energy consumption, water use,
waste generation, etdzor concrete, the selected criteria should support the design and
construction of high quality concrete struesirthat are at the same time environmentally
friendly. However, the basic problem is to gather relevant environmental input data for specific
concrete types and transport and production processes that can be used in the LCA process
(Hajeket al.2011, 13).

The article "Building houses with local materials: means to drastically reduce the
environmental impact of construction” details the process of material selection, design and
construction of a series of residential small houses in southern Fxéettegials were sourced
locally whenever feasible to minimize the environmental impact of the new buildihgs
energy consumption to construct a house is compared to that of a more traditional concrete
house. Utilizing local materials significantly decreased energy consumption during
construction by up to 215% and reduced transportation impacts 8% @88rel and 2001,

1119)

The results of the study "Environmental consideration in procurement of construction
contracts: current practice, problems and opportunities in green procurement in the Swedish
construction industry" indicate that both public and private clients in thdiShweonstruction
industry incorporate environmental considerations in their purch&seferences for the
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environment are frequently expressed as environmental requiremBoisetheless,
environmental criteria in bid evaluation are less prevalent and only seldom affect purchasing
decisions Environmental assessment criteria more often relate to the contractors' ability to

manage environmental activities within the scope optiogect (Varnaet al.2009 1214.

The findings of the study "Influence of construction and demolition waste management on the
environmental impact of buildings," which were based on measurements of real buildings and
the activities of demolition contractors, found that not all types etcsee demolition have
benefits for the environme(€oelho and de Brit@012 532.
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2.4.8 Increased Construction Safety

While the concept of safety culture is fairly new to the construction industry, it is gaining
popularity as it incorporates all perceptual, psychological, behavioural, and management
factors (Choudhret al.2007 207).

Many types of hazards occur in the workplace. Among them are ergonomic, chemical,
biological, physical, psychological, etc., which may cause damage or impairment in the
workplace (Tamrirand YussoR014 55).

With the increased application of digital technologies in the design of buildings and
infrastructures, the question of their effects on construction safety. &seasich,the study
named "Construction safety and digital design: A review," investigates the connections
between construction safety and digital design practices with the goal of encouraging and
leading further research on thigpic (Zhouet al.2012 102.

2.4.9 IncreasedCompatibility (Technology)

The paper "A Study on Research Trends of Technologies for Industry 4.0; 3D Printing,
Artificial Intelligence, Big Data, Cloud Computing, and Internet of Things" provides an
analysis of the latest emerging trends of five technolo@pscific technologies covered are
3D printing, artificial intelligence, Big Data, cloud computing, and Internet of Things, all of
which are of importance to Industry 4@hunet al.2018, 397).

Since all these technologies promise a hugentric approach, less waste and a more
optimized process, it is assumed that their essence should also be in accordance with

Sustainable development goals.

Reminiscent of the age of artisanal manufacturing, Industry 4.0 is speeding up the
transformation from mass production to mass customiza@ibaring distributed 3D printers
(3DPs) and collaborating on the IloT will result in a promising dynamic, globalized,
economical, and timeaving manufacturing ecosystem for customized manufacturing products
(Darwishet al.2021, 196).
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2.4.10 Increased Resilience

The construction industry is undergoing a transformation toward digitization and automation
(known as Construction 4.0) because of the rapid growth of information and communication
technologies, as well as 3D printing, mechatronics, machine learning, &gy Bnd the
Internet of Things (loT)Such technologies are set to alter the design, planning, construction,
operation, and maintenance of civil infrastructure systems, having a positive impact on overall
project time, cost, quality, and productivitpAlso, as a direct outcome of these new
technologies, the industry will become more interconnected, and addressing cybersecurity

becomes of the utmosignificance (Mantha and So#®18§ 1).

Cyber resiliencencompasses security, monitoring, and business continuity/disaster recovery
technology For a successful cyber resilience strategy, however, a holistic approach is needed

that starts with people and processesly then followed byechnology CompTIA 2022, 1).

Natural and mamade events of late have underscored the fragility and vulnerability of the
built environment to disaster§raditionally,these physical systems have been designed, built,

and maintained by the countless construction professigrzaaldeet al.2018, ).

As a result, designing and constructing a built ecosystem that can survive the consequences of
disasters necessitates a deep understanding ekpleetise and knowledge of how to prevent

and mitigate the effects of hazards to secure a more sustainable future (Hardéliauke

2005 1; Bosheret al.2007, 163.

Infrastructure protection is the ability to avoid or mitigate the consequences of a negative event.
Infrastructure resilience is the ability to decrease the magnitude, impact, or duration of a
disruptive incidentResilience is thus also the ability to absorb, adapt to, and/or quickly recover
of a potentially disruptive occurrenc&or the purposes of the "Critical Infrastructure
Resilience- Final Report and Recommendations” study, critical infrastructure resilience is
further typified by three major attmites: 1) robustness (the ability to maintain critical
operations and functions in the presence of a crisis), 2) resourcefulness (the ability to adeptly
prepare for, respond to, and manage a crisis or disruption while it evolves), and 3) rapid
recovery (tle ability to restore and/or return to normal operations as rapidly and efficiently as
possible after disruption) (NIAC 20098).
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2.4.11 3D Printing Technology In scope of Industry 4.0, IndustsyO, and PM
Context

3D printing is increasingly attracting public interess its popularity increases, more and more
reports are beingublished endorsing the technologyere are many who forecast that it will
revolutionize the way people are workiagd living (Thorsteinsson and Pa2@18§ 1).

Threedimensional printing (3D printing) as an additive manufacturing (AM) technology is
changing the design and manufacturing of products and components in a number of disciplines,
but the architecture and construction industries have only very reciantgdsto embrace these
technologies for construction applicatio®sM is regarded as one of the most significant
technological advancements in the paradigm shift to Industry 4.0 (the fourth industrial
revolution) Tahmasebiniat al.2020,379).

In researching the technologies needed for Industntied/nited States and China are
leading countries, followed by the United Kingdom, Germany, France, and Italy in Europe,
and India, Japan, and Korea on the Asian contiMdost of the research is performed at
universities or national laboratorigSonsequently, the political will of the government and
the wellfunctioning system that manages and sustains the research projects are the most
significant characteristics that define the competitive ability of any co(@trynet al.2018,
397).

The Industrial Internet of Things (lloT) in conjunction with 3D printing is smoothing the path
to the era of Industry 4.0 and smart manufacturing as the cornerstone of personalized
production If distributed 3D printers (3DPs) are used collaboratively and work together in
the IloT, a promising dynamic, globalized, economical, and-&ffieient manufacturing
ecosystem for customized manufacturing products will be creBitedpaper "Towards
sustainable industry 4.0: A green réale [loT multitask schedulg architecture for

distributed 3D printing services" suggests an environmentally consciottgmeal

multitasking architectural approach for personalized 3DPTi®ih This particular proposed
architecture is split into two interrelated areas, allocationsahddulingDarwish et al

2021, 196).
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3 METHODOLOGICAL TOOLS FOR DEFINING 3D
PRINTING SUCCESS FACTORS

3.1 Research model development

A conceptual model for 3D printing technology adaptation was designed to address the
previously noted research volhenconsidering the adoption of 3D printing in construction,
a beginning point is to examine different advanced technology deployment theories to identify

the sequence of impacting fact¢Beskluboveet al.2021, 1.

With this purpose in mind, a literature review was undertaken that contained a number of
different theories which have been tested in information technology (IT) adoption, environment
technologies, and industrial innovatioesearchJeyarajet al. 2006 1), inclusive Theory of
Reasoned Action (TRAJFishbein and Ajzeri977, 1), InnovationDiffusion Theory (IDT)
(Rogers 1983 1), Technology Acceptance Model (TAMDavis 1989 319, Theory of
Planned BehavidiTPB) (Ajzen 1991, 93), PerceivedCharacteristics of Innovatin@loore and
Benbasat 1991192, Contingermry Theory CT) (Donaldson 20011), SocialCognitive Theory
(SCT)(Bandura 2011349 andTechnology ReadinesSR)( Bak g° z26. 2015

Since the introduction of 3D printing technology is triggered by creators as opposed to
expressed needs of the market, it corresponds to the technology push madepidn
(Baumerset al. 2016 193. The pushargument asserts that innovation is pushed by the
scientific community, which then pushes the technological sector and its implementation
(Chidamber and Kon 1993). As a resultirg, only characteristics that focus on the technology

and deliverables of 3D printingtilization may be included and studiekhe SCT TPB, and

TRA were correspondingly eliminated from the conceptual model of technology adoption
development as they embrace other perceptions that might affect consumer attitudes regardless

of the perception of 3D printing technology usagsults(Compeatet al.1999 145.

Considering that 3D printing technology has been primarily used for prototype and
demonstration modekMrazovic 2018 1), the previously mentioned theories of technology
adoption (SCT, TPB, and TRA) are considered challenging to investigate at this relatively
young developmental phase of 3D printing technology. Nevertheless, TAM, IDT, TR, and CT
areperceived to be the best suited theories in viethe@tonceptual model design development

Moore and Benbasg1991 192 introduced theheory called'Perceived characteristics of
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i nn o v ddvingthe 6ame characteristicdassis (1989)n TAM and Tornatzky and Klein
(1982 28) in their metaanalysis. Therefore, this dissertation examines variables from
Tornatzky and Klein (1982, 28%tudy, with consideration of their similarities to th&M
(Moore and Benbasat 1991, 39€hosen theories for additional examination are provided in
section below.

3.2 Innovation Diffusion Theory

The innovation diffusion (IDT) is delineated as the procedure by which a novel technology is
adopted via certain conduitsver time amongst the associates of a sbfr@amework This

theory alsoimplies that a time gap exists between the adoption of an innovation and its
implementation successfully in the industry. Often, this gap stretches over multiple years
(Rogers 19831).

Figure 20: Diffusion innovation theory model applied to strategy and project
management

Innovators
2,5%

Early Early Late Latecomers
Adopters Majority Majority 16,0%
13,5% 34,0% 34,0%

SourceReiling 2022, 1basedon Rayers 1962].

Given this long interval, the innovation must achieve critical mass before it can become self
sustaining. Hence, innovation diffusion is primarily considered a social as opposed to a
technical activity, as the innovation's scope depends to a great dagreeapnsumer focus

of its diffusion mechanismsSpecifically, there are five features of innovation diffusion that
define the speed of technology adoption in a given soiidtgtry (Rogers 20038):

1) AiRelative advantage" is understood'tae extent to which an innovation is perceived to be
better than the idea it superseal@®ogers 19831).

68



Premkumatet al. (1994 157) use analysis to demonstrate that "relative advantage" is among
the key adoption determinants, reflecting users' beliefs toward the innovidtisitoncept can
be phrased in terms of the economiametor it can be quantified in other manners, such as

social benefits, time saved, hazards eliminated(Tetmatzky and Klein 1982, 28).

2) "Complexity" is typically described as "the extent to which an innovation is considered to
be difficult to both understand and ug®ogers 19831; Rogers and Shoemaker 197).

Some innovations, therefore, are easily grasped by most social system members, whereas
others are moreomplicatecand adopted atdower pac€Rogers 19831). I.e., more complex

concepts are harder to comprehend and are thus adopted to a lesser extent.

3) iThe term "trialability" describes the extent to which an innovation can be experimented
with on a limited scale. A testable innovation presents less innovation uncertainty for the
consumers contemplating its adoption, since it is feasible to learn thpyagtcal action
(Rogers 19831).

4) "Observability" is the level at which the outcomes of an innovation are observable to the
society. The observability contributes to communicating the evident advantages of the
innovation (Rogers 1983).

5) "Compatibility" of innovation is "the extent by which an innovation is apprehended to be in
line with the existing values, previous experiences, and needs of the benefi¢lrRagsts
1983)

Rogers five factors with relative advantage and compatibility are visible in the Figure 21 below.
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Figure 21: Rogers five factors with relative advantage and compatibility
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3.3 Technology Readiness

Technology readiness (TR) is mirrored by consumers' willingness to adopt and utilize
innovative technologies to meet their elayday/business objective@®arasuraman, 2000
307). It is a measurement of the positive or negative sentiments about the technology. Those

sentiments are analysed in four subdimensions as defined byBR Kk g © ze: 2015, 26)

1) The "optimism dimension” is the tendency of individuals to believe that technology will
assist them in achieving good results in their personal lives. It helps the individual to build

trust and establish controVer theirperformancdWalczuchandal 2007 206).

2) The "innovativeness" dimension specifies the degree to which the individual intends to test
out new cuttingedge technology products and/or new services priorotiters
(Sophonthummaphar2007, 81).

3) The "uncertainty dimension" applies when the individual does not have confidence in the
technological product and doubts that the product will do its job. Unlike the "optimism"
dimension, the uncertainty" dimension concerns a skeptical mindset of the individual
towards the technologyParasurama@00Q 307).

4) The "discomfort scale" stems from the belief of the individual that their knowledge of the

technology is unsatisfactofParasuraman 200307).
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Figure 22 Technology Readiness Model
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The picture below shows the three levels of technology readiness (TRL), namely research,
development, and deploymeshown on an early NASAodel(Fasterholdet al.2018, 1.

Figure 23: Technology Readiness Levels (TRL), based on early NASA model

(TRLY) : : :
System proven in operational environment

| TRLS System complete and qualified

| TRL7 Integrated pilot system demonstrated
| TRLE Prototype system verified
| TRLS . .
| Laboratory testing of integrated system

TRL4 B . £

| aboratory testing of prototype component or process

TRL3

Critical function, proof, or concept established

Technology concept and/or application formulated

Basic principles are observed and reported

Source: Fasterholett al.2018, 1, based on early NASA mod€7Q
3.4  Technology Acceptance Model

Technology Acceptance Model (TAM) aims to clarify how users adopt and utilize a

technology. This model assumes that several factors affect users' datadimg about when
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and how to utilize a new technologytroduced to itf B a Kk @15 26 Davis et al. 1989
982):

1) nPer cei v-definedias thextanitanwhishamindividuapercieveghat utilizing
a specific system would enhance their job efficiency.

2) A Per c-efug e definedhas ¢he extent to which an individual perceives that
utilization of a specific system is possible with no effort.
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Figure 24: Original Technology Acceptance Model

Experience Voluntariness
Subjective /
Norm
Perceived
Image Usefulness \
Intention to Usage
Job use Behavior
Relevant
Perceived TSP —
Ease of Use : i
Qutput : Technology Acceptance Model : :
Quality R L R L Dl
Result
Demonstrability

Source: Spicek 2022, based@avis 1989 319
3.5 Contingency Theory

Contingency theory (CT) offers the opportunity understand more clearly how context
(situation, atmosphere) impacts the managememinofvation(Tidd 20®, 169. Two drivers

have a major impact on the organization and management of innovation:

1) AUncertainty," described as "the extent to which the functional, social, and/or financial
consequences of acquiring and utilizing innovations cannot be deternfiresiet al. 2011,
134).

2) "Complexity," delineated as the " extent to which an innovation is considbedignging
to comprehend and utilizédRogers 19831; Rogers and Shoemaker 197}
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Figure 25: The contingency theory of structural adaptation
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3.6  Additional factors

In the literature on technology adoption, several other factors were identified which, although
notreferred to in the theories reviewed, are worth considetin:ta b s or pti ve2) capaci

Asupcphlayi n management oO.

"Absorptive capacity” is the capability of a company to utilize foreknowledge to identify the
potential value of emerging, external information, to assimilate it, and to apply it for a

commercial purpose.
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Figure 26. A model of absorptive capacity based on Zahra and George (2002)
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"Supply chain management” encompasses the planning, control and execution of the project
flow from the acquisition of raw materials through production to sales to the end consumer, as
well as the related flows afiformation(Ofori 200Q 195.

In any material management process, two supply channels are established: (a) supply and (b)
demand. Supply concentrates on material sourcing and the product engineering stage of a
project. Demand is centred on the distribution of the product or the cust@ueshase. Thus,

the point of supply chain management is to make sure that these two channels operate in an
organized and efficient fashion. The level of interest and the impact of the individuals and
crossfunctional entities participating in the praeseof innovation can affect both the
manufacturing and consumer supply chain char{helst al.2006,107).
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Figure 27: Demand-supply value chain
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3.7  Proposed factors for 3D printing technology adoption model

Based on the above methodological tools and the analysis of the stated theories, the success
factors of construction projects using 3D printing technology were defined. They will be visible

and explained in more detail in the continuation of this thesis (Chapteii 3THapter 3.7.9.)
3.7.1 Relative advantage

Theanalyses of Premkumat al.(1994 157) indicatethat "relative advantage" is among the
most significant predictors of acceptance, representing the attitude of tasensl the
innovation In TAM and TR theories, variables with analogous significances can be observed.
TAM's "perceived usefulness" is defined as the subjective likelihood of the prospective adopter
to utilize a certairapplication system by suggesting an enhanced work performance in some

organizational related contefldaviset al. 1989 982).

A further variable, the "optimism dimension," which is related to TR thémgysts confidence

in the consumer's ability to increase control, agility, and efficacy in both life and work
(Walczuchet al.2007, 206. Theabove notions from TAM and TR theory are very analogous

to "relative advantage" as they express that consumer job performance can be boosted by the
adoption of emerging technologies. The term "relative advantage" is acknowledged in a variety
of differentacademidields (Moore and Benbasat 199192); therefore this expression will

be retained in this dissertation.
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3.7.2 Complexity

"The phrase "complexity" applies to both Ihd CT The "discomfort scale” of TR theory
measures thdegree of negative attitude of consumers to new technaoggcordance with

their comprehension of that sateehnology(Parasurama@00Q 307). It can be equated with
"complexity," where the adoption of innovative technology is determined by how challenging
the consumer considers the n&ehnology is tautilize. A counter term to "complexity"” is

"ease of use," which is defined in the TAM as the extent to which the prospective user would
expect the intended system to be effortlesgtitze. Indeed, the strong relationship between
these two factors is apparent as they cover the same topic from both a positive and a negative
point of view. For the purposes of this dissertation, the abwmtioned terms are summarized

into the allencompassinéactor "complexity’
3.7.3 Trialability

In a researcliscussion, Moore and Benbasat (1,9992 elaboratehat "trialability,” i.e., the

ability to adopt an innovation on a limited scope, is closely related to "divisibility," i.e., the
degree to which an innovation can be tested on a small scope prior to adoption. For this reason,
the present dissertation Wikfer to these concepts as "trialability” to examine their impact on

the adoption of 3D printing technology.
3.7.4 Compatibility

"Compatibility" may refer to conformity with the values or norms of the prospeatiopters
as well as to congruency with their greisting set of practiceRelying on a statistical analysis
which blends a varietyof studies, Tornatzky and Klein (19828 conclude that the

compatibility of an innovation is related positively to its adoption.
3.7.5 Absorptive capacity

The associated foreknowledge gives the capability to identify the value of new information, to
assimilate it, and to exploit it for business ends. These capabilities collectively form the
"absorptive capacity" of an organization. The capacity to harndesnak knowledge is a
crucial element of innovation capabilit@n its most elementary layer, this gaeowledge
comprises basic skills, but may also involve familiarity with the most recent science or

technological advancements in a specific donj@whenand Levinthal 1990128).
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3.7.6 External pressure

The adoption of 3D printing technologies can also be the result of external pressures, e.g., the
environment of an organization includes competitive market, changing customer needs,
regulatory requirements, and evolving business fields and techno(®gigsr 1989133
Porter2008 25). "External pressure” is delineated in this dissertatidgheagnpact that external
organizations exert on the organization, and it can vary from no encouragement/no pressure to
recommendations, requests, or the grantinoppddicements as well as the threatsahctions

(Kamal 2006 192. The"uncertainty dimension," associated with TR theory, is incorporated

as a metric of external pressure covering cases where the consumers mistrust the capability of

a technological good to accomplishtaisk (Parasuraman 2Q0807).
3.7.7 Uncertainty

Uncertainty (or risk) related to the adoption of innovative technologies presently has an
important role in the feasibilitgecision (Artset al. 2011 134. If technologyadoption is

further in the future (i.e., in the development phase), uncertainties about its benefits are more
significant, as opposed to when behavior change is forthcoming (in the near future), where
consumers tend to focus more on the cost uncertaietégsd to transitioning to the innovation

and learning the new setbbfe ha vi or stallD&IRA.a T o
3.7.8 Supplyside benefits

The supply side encompasses the supply chain from manufacturers of the machines to
purchasers of the technology. This is the factor that has proven to be critical to the adoption of
3D printing (Mellorand 2014 194. Often, new technology adoption necessitates greater
collaboration with both suppliers and customers. Assistance from suppliers during the adoption
process has long been acknowledged as a critical factor in the success of implementation
(Rogerset al.2016 886.

3.7.9 Demandside benefits

The demand chain is becoming an increasingly important factor in technology adoption as
purchasers are incorporating the technology into their relevant supply chains, thereby

impacting their customers arsdippliers(Mellor and 2014 194). Suppliersadopting a new
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technology are providing a number of services associated with 3D printing, from designing to
fabricating (Rayna and Striukoz®16 214).

3.8 Theoretical framework of 3D printing technology adoption model

development

The nine factorsletermined on the basis of a literature review are challenging to be measured
in a direct way given their abstractetiaracter(Yang and Ou 20Q8321). Measurement

variables, nonetheless, can be suggested to evaluate these factors.

In theabsence of previous published studies identifying the measurement variables, they were
drawn and modified from other innovation adoption fields of research, including industrial
additive manufacturing, information technology (IT), and environmental teogynol he

factors of influence and measured values are illustrated in a model to represent their effects on
the adoption of 3D printing technology graphically this model, the arrows represent the
direction of impact. It is considered to be preliminasytlais model was designed based on
theories derived from the literature review and needs further verification of its structure and its

guantification(Beskluboveet al.2021, 1.

Figure 28: Initial model of factors affecting 3D printing adaptation in construction
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Source:Beskluboveet al.2021, 7.
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4 CHALLENGES IN THE INTRODUCTION OF 3D PRINTING
TECHNOLOGY IN CONSTRUCTION PROJECTS

4.1  Assumptions for adaptation of 3D printing technology in managing

construction projects

Project success is the goal for practically every project. Howieweeans different matters to
different people While some authors consider time, cost and quality to be the predominant

criteria, otherdelieve that success is somewhat more complig¢@tkdn and Chan 2@, 203).

The idea that a project is successful if it merely meets the time, cost and quality targets currently
seems to be outdatethis can be supportdry (CollinsandBaccarini2004,211), whobelieve

that time, cost, and quality are not the only benchmarks for project success and that it is
imperative to instruct project managers to also consider criteria other than th{§/videlza

and Kamyar 20091).

Appropriate allocation of reduced resources will be aided by recognition of key factors in the
success of construction proje¢@huaand al1999 1).

However, one of the perennial problems with projects is the realization that implementation is
poor,and the primary intended goals are not met, especially in terms of project deadlines and
costs Despite the lack of a unified definition of what project success entails, various authors
agree that project success can be achieved through good actions on the part of the project
managefRadujkovic and Sjekavica 201%).

The most important driving force of any project is people, and competent project managers are
essential even for the successngaprojects (Misic and Radujkova®15, 7). All of the
aforementioned insights have contributed to the drawing of a conclusion about what project
success means in terms of construction projects using 3D printing technihegyis how the
assumptionsjuestions (Tabl8), thatpreceded the identification of the critical success factors

emerged.

Therefore, the goal was to help standardize the deaisaking tools for reviewing the critical
success and failure factors in implementing 3D printing technology in construction projects.

To achieve this goal, the followinguccess / failure factors and answering the following
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guestions / assumptions for adaptation of 3D printing technology in managing construction
projectsshould have been evaluat@asible in the Table 8)
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Table 8: Assumptions / questions and sources

Assumptions

Sources

1) How to optimize and incorporate more functionality i
components/ structures

(Buswellet al.2008,
224 Welleret al.
2015 43 Labonnote
et al.2016,347. Wu
et al.2016 21)

2) How to reduce manpower necesgity

(Lim et al.2012
262 Labonnoteet
al. 2016 347 Wu et
al. 2016 21)

3) How to lessen cost of construction component/strugture

(Ling 2003 635
Lim et al.2012,
262 Zhang and
Khoshnevis 2013
50; Labonnoteet al.
2016, 347

4) How to reduce construction tifie

Labonnoteet al.
2016, 347Lim et

al. 2012, 262; Ling
2003, 635Wu et al.
2016 21; Zhang and
Khoshnevis 2013,
50)

5) How to reduce safetyazards?

(Tayet al.2017,
261)

6) How to reduce product quality challeng@es

(Gann 20001)

7) Is computegenerated design process sinfple

(Buswellet al.2007,
221; Petrick and
Simpson 201312

8) Is managing digital construction process apdrating 3D printe
easy

(Beattyet al.2001,
337 Buswell and al
2007,221;
Labonnoteet al.
2016, 347
Nitithamyong and
Skibniewski 2006
80)

9) Is maintaining 3D printer easy?

(Ungan 20045049

10) Improved use of materials whga®perties are predictable?

(Barnett and
Gosselin 201527
Labonnoteet al.
2016, 347Lim et
al. 2012, 262Wu et
al. 2016 21)

11) 3D printing product behaviour from a letegm perspective (e.(
length of the product life cycle)

(Ghadimet al.2005
1; Hoeffler 2003
406
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12) Is precision of the printed objects within acceptable toler&nc

(Welleret al.2015
43)

13) Suitability of printing variousized conventional desig
elements for different construction ne@ds

(Khoshnevis 2004
5; Welleret al.
2015, 43)

14) Compatibility of construction site environment with 3D print
technology

(Skibniewski 1988
188

15) Matching available 3D printing materials with the characteri
of legacy construction proces8es

(Khoshnevis 2004,
5; Welleret al.
2015, 43)

16) Substantial share of company capital expenditure devot
R&D (produce, test) and implementation of 3D printing techndg

(Arvanitis and
Hollenstein 2001
377 Ling 2003
635 Kamal 2006
192, Nitithamyong
and Skibniewski
2006, 80)

17) Major share of employees educated at tertiary?evel

(Cohen and
Levinthal 1990
128

18) Knowledge, expertise, talent, creativity, and skills of
company workforce?

(Zahra and Nielsen
2002 377,
Nitithamyong and
Skibniewski 2006,
80)

19) Increasing collaboration among stakeholders (integrating a ¢
functional team, suppliers, ete.)

(Nam and Tatum
1992 385 Ofori
200Q 195 Ling
2003, 635
Koufteroset al.
2005 97; Kamal
2006, 192Medeiros
et al.2013 76
Mellor et al.2014
1949

20) Company team attitudes toward 3D printing in gefleral

(Nitithamyong and
Skibniewski 2006,
80)

21) Competitive pressupe

(Arvanitis and
Hollenstein 2001,
377)

22) Lack of technicadtandards, quality control standards and pro
certification matters

Ling 2003, 635;
Medeiroset al.
2013, 76 Mellor et
al. 2014 1949,
Welleret al.2015,
43)

23) Sceptical mindsets / psychological barriers of consume
relation to 3Dprinting technologies and product implementationg

(Hoeffler 2003, 406;
Walczuchet al.
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2007, 206 Mellor et
al. 2014 199

24) Perceived side effects associated with innovation

(Hoeffler 2003, 408

25) Resistance to environmental influences and failureexjosure
to high stres3

(Petrovicet al.
2011, 1061 Berman
2012, 15%

26) Uncertainty in 3D printing technical/economic benefits aris
from regulatory restrictions and isolation of contractors
consultants from one anotfer

(Federet al.1985
255 Skibniewski
1988, 188; Ling
2003, 63%

27) Reducing and/or simplifying construction tasks and need fe
assembly/ assembly activities

(Hol msetal® n
2010, 687 Weller
and al 2015, 43)

28) Reducing the need for transportation ser#ces

( Hol mettalr ©
2010, 687;
Labonnoteet al.
2016, 347)

29) Reducing the number of suppliers involved in construg
proces8

(Ofori 2000, 195;
Koufteroset al.
2005, 97

Hol mseétal.® m
2010, 687)

30) Freedom of design and customizatiorpoifited components &
no extra cost?

(Hagueand al2004
4691 Koufteroset
al. 2005, 97;
Buswellet al.2008
224 Lim and al
2012, 262 Medeiros
etal.2013, 76 Tay
etal.2017, 261Wu
et al.2016 21

31) Sharper reaction to changing customesds?

(Welleret al.2015,
43)

32) Production in collaboration with the customer and supplier
customers integrated in product developnfent)

(Ofori 2000, 195
Koufteroset al.
2005, 97 Kamal
2006, 192Mellor et
al. 2014, 194)

Source: Spicek 2022, based on Besklubeival.2021,1.

These questions/assumptions, along with conceptual theories, served as a tool to determine

critical factors for the success of construction projects using 3D printing technology. As part

of these set of assumptions, subjects such as ethical issues atrdctionslegislation

problems were also recognized in such projects. In addition,

important role in developing the idea of incorporating 3D printing technology into a concept

callediConstruction 5.6.
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Research questiomsthis dissertatioareintroducedas a basis for building hypothesesrder

to examine the key success and failure factors in managing construction projects using 3D
printing technology through a prism afelative advantage, complexity, trialability,
compatibility, absorptive capacity, external pressure, uncertainty, sumgie benefits and
demandi side benefitsOther above mentionedspects such as legislation, ethical issues,
project organization structuréConstruction 5.0 and feedback from thpracticewere also
researcheavhen discussing theverallfactors that make the use of 3D printing technology in

construction projects successful or unsuccessful.

4.2  Legislative regulation of construction projects using 3D printing
technology

In the field of legislation, there is a big gap between the research trend and the practicable
implementation in reality. This fact is confirmed by the date of the only first 3D printed
building put on the markeih the USA(Builder 2021, 3 andthe date of only first permitted

3D printed housen Germany(Peri 2021, )

For a more irdepth study of the process of obtaining building permits for structures
constructed using 3D printing technology, two case studies (Augsburg, Germany and Zagreb,
Croatia) were analyzed in detail, the results of whichpaesented below (Chapter 4.2:1.
Chapter 4.2.4.). The participants in the obtaining of the regulatory documerseati@as a

sort of introduction to the project organization structure of construction projects using 3D
printing technology, although it should be noted thatdglements listed below represent only

a small part of the overall scope of the project.
421 Proj ect nCab-dantraauctor ase study

Building regulations do not follow the evolution of the need for 3D printing, and the
legalization of 3D printed buildings is still a fairly unknown concept. This is backed up by the
simple fact that the first 3D house in America was only legalized in ZBh&ra and
Madelaine,2019) and after that we again have a big gap until the first 3D prietddestate
released on the mark@uilder 2021, )

Consequentlyfrom the perspective of thikesis it was interesting to see how that process
works in practice and what are the biggest problems / aversions of investors to get engaged in
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such a project in the first plac€or this reason, it was decided to conduct a case study
comparing the building regulations for 3D printed houses in Germany and Croatia.

422 Proj ect n Ca b-&kesaatch methedelogg t udy

In thisresearchhe case study was used as a resaagthod to create a deeper, more layered
understanding of this complex topic in its raadrld setting A fictitious concept projects were
constructed specifically for this purpose as a basis for a request for obtaining a building permit

for the 3D printed building of approximately

The following describes thieasic data of this conceptual design. Selected locations and thus
offices for approval of permits / consulting on the preparation of project documentation were
Augsburg (Germany) and Zagreb (Croatia). The net area of the planned building was
approximately52 m2. Supporting structure was foreseen in the form of the lattice supports.
Materials that was usedcludes in general thextrudable concrete consisting of cement, sand,
geopolymers, anfibres The foreseenyrposeof the building was &acation houserhe idea

was to constructthis holiday home of 52 m2, fully implemented in 3D technology. The
assumptionwas that land has already been secured in Augsburg (Germany) and Zagreb
(Croatia) and projects have been preparbith is why the next logical stepould beto obtain

a building permit. As this isven nowa fairly unfamiliar subject the point of this casstudy

was to recapitulatethe u n k n o eencérrsinglegislation, possibleobstacles angbarticular
problems in relation to standard constructiogthod, as well as contribution tetandardization

of the legislatiomprocess for 3D printing of objects the future All installations, fittings and

final details (such as furniturayere in this case be of traditional material and traditional
constructiormethod

Thefocuswason thedifference in the constructiomethodof the external and internal walls

of the houseand in theconstruction related critical topics that need tocbasidered \wen
legalizing his type of théouilding. The role of the respondemt&sto advocate the interests of

an investor who does not have the technical knowledge to acquire a building permit for
legitimate 3D printed building. Therefore, with the expertise of their team and their personal
expertise, they should ensure all the necessary aspects to obtain a building permit. For this
purpose, a workshop was organized for an open discussion on bifgstshe following

guestions were defined as a basis for the discussion and can be seea @ Tabl
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Table 9: Discussion questions in obtaining a building permit

Questions for debate

1) How familiar is your team and you personally with the topic of 3D printing in constry
and what do you think subjectively about it (advantages, disadvantages, obstacles,

chall engesé) ?

2) Did you had any experience with building permit documentation / producing of
the documentation for 3D printed objects so far? If you had experience, what stage

was it at (conceptual, start of construction, completed construction)?

3) When designing building permit documentation benchmarked to traditional constr|
what would you pay specific attention to in terms of mechanical resistance and
stability?

4) When designing building permit documentation compared to classic construction,

what would you pay particular attention regarding the fire safety?

5) When designing building permit documentation compared to traditional
construction, what would you pay particular attention to in terms of hygiene,

health and the environment?

6) When designing building permit documentation compared to classic construction,

what would you pay particular attention to in terms of noise protection?

7) When designing building permit documentation compared to classic construction,

what would you pay particular attention to in terms of technical regulations?

8) How much do you think the people within the city administration are familiar with
the topic and what potential problems / obstacles they might point out in relation to

the traditional construction of the building?

9) Do you expect additional costs for the preparation of the building permit
documentation in relation to the traditional construction, and if so, what justify the

discrepancy?

10) What kind of future do you expect for 3D printing in the construction industry, al
you think it may play a more significant role in the real estate market in the near futt
2025)?

Source; Spicek 2020, 3
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Figure3: Pr oj ect fACabanao Fa-ades
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Figure32 Pr oj ect fACabanao Fa-ades
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Figure 33 Pr oj ect A Cabanao Visualization 1

Source: Spicek 2020, 9

Figure34.Pr oj ect #fACabanao Visualization 2

Source: Spicek 2020, 9
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Figure35:Pr oj ect ACabanao Visualization 3

Source: Spicek 2020, 10

Figure36-Pr oj ect fACabanao Visualization 4

Source: Spicek 2020, 10
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423 Project fACab-&esaltese case study

For both groups of theespondentthe only reapoint of contact were the experiences during

the studies and some ideas that mostly remained in the conceptual(@hitsén agreement

about the potential benefits 8D printing, both groups nofaefabricationability to "reprint”

the building andthe modelling flexibility(a great benefit for architeg¢tas most significant
advantageOne drawback could be that building dimensions are limited to the reach of the
printer and structural engineerimggues (e.g., making reinforced concrete with 3D printing).
Accelerating construction and improving insulation propertiesld also be one of the
challengesAnother potentiaimprovements lower construction costs, but only if all processes

are standardized, i.e. the more printing, the less expensieecddrsee the clear apprehensions

of the interviewees about the classification and standardization of the process. Both
respondents also have in common that they have no or very little experience with the subject
of legislation for such objects. All disciens were mostly at the conceptual stage, as a
potential solution and possibly a better idea than traditional construction. Implementation
usually did not occur because the possible costs were too high and open questions were still
too highrisk to engagein this "venture". Regarding mechanical strength and stability,
according to Augsburty case, construction is not very complicated and there should be no
problems as long as all conditions prescribed by the city administration are met and all
dilemmas are solved (such as the problem of flat roof in small buildings like this).

In Zagrebs case possible problems for the structural engineer in the calculai@nnamed

as it concerns relatively unknown materials and, accordingly, unknown safety factors that must
be consideredThe situation is similar with fire protection, which should not really be a
problem as long as all the conditions described previously are fulfilled. However, there are a
number of unknowns when it comes to burning the material. There is not much dédféreenc

the standard construction in terms of hygigmealth and environment, and this aspect does not
depend so much on the construction itself, but more on the finishing details (insulation,
installation, etc.)Also in the following two questions, Augsblgsgase does not bring up any
major differences from the standard construction, and in Zagoalse was once again
emphasized the concern and need for material classification, which could play a significant
role in the design of the buildin@ne huge potential issue stems from the both respondents'
corcern that the city government most likely has little experience with issuing permits-for 3D

printed buildings as well. Some of the legalization process comparable to conventional
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construction would likely not be a problem, but any novel and unfamiliar particulars could
present an impassable barrier to the issuance of a permit. Regarding accepting work for this
action, Zagrels case pointed out that they very probably would not have accepted this job
because of all the uncertainties, and the potential cost would probably have increased to twice
the documentation effort for conventional constructidithough in Augsburg's case it is not

sure whether and by how much the actual costsildv exceed those of conventional
construction, it is doubtful that a permit would even be granted and therefore is also sceptical
that they would even engage in such an undertaking. In spite of all these obstacles, however, it
is believed that 3D printingnay have a promising future. Both evaluators concur that 3D
printing could conceivably be more cadtective if it is reused over and over again, as it is
with modular designs. This, of course, requires standardization of the process, something that

is very much optimistic in the near future.
424 Proj ect A Ca b-DiscassiorndCorcluson udy

With regard to all the abowmentioned aspects relevant to the issuance of a building permit
(mechanical strength and stability, fire protection, hygiene, health and environment, noise
protection, technical regulations), there seems at first sight todgec@l distinctions between
3D-printed houses and conventionally built materiadsy.( wood or concrete). All the
conditions imposed by the city authorities must be fulfilled, regardless of the material and

construction technique.

Nevertheless, the study concludes that there are many unknowns when it comes to 3D printed
documentation. These unknowns are common to both the German and Croatian experts. Even
though it is a small sample, it can be cautiously stated that it is verybprabat similar
situations occur in other European countries as well. Main problems and insecurities are
connected with the lack of classification and standardization in the field of 3D printing, the
lack of any specific knowledge closely related to tbsic within the city administration, as

well as the relatively low, even almost absent, professional expertise (except in the design
phase and for smaller models) of the same experts, who have about ten years of experience in
traditional construction. Thiresults in thescepticismon their part as to the realistic and
feasible nature of this undertaking at all, and the expenses for their work in representing
investors would surely far outweigh the costs in traditional construction. With a certain degree
of caution, however, one can predict a glowing future for 3D printing in the construction sector,

given that it offers some advantages over conventional construction techniques. One necessary
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condition for this is the standardization of the process, the classification of materials, and the
training of both the city administration and the professionals who are involved in the
preparation of the building permit documents. This should also bdirdgtion for future
research and permitting efforts.

Furthermore, many other factors (e.g., milkrcation, reference projects, additional technical
requirements, cogienefit analysis, etc.) should be addressed in order to even start the project
mentioned in this case report. Consequently, success fagto3® fprinting in construction

and methods to measure them need to be developed. Up until this major milestone, nowadays
everything is still kept in the conceptual phase as something that has a lot of promise, but has
not yet been standardized and resezuiclenough. The responsibility lies with both
theoreticians and practitioners to explore, identify, define, proeblaue and execute potential
advantages over conventional construction to achieve possibly less expensive, more simple and
more ecefriendly construction.This sustainability aspect provides perspective on the potential

of 3D printing technology for meetin@onstruction 5.0 specificationsHowever, based on

the above inputs, it is also possible to question the sense of 3D printing withouniognith

at least to some extent, with a traditional construction method.
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5 PROJECT ORGANIZATION STRUCTURE

5.1 Project organization structure - Introduction

It has recently been announced that 3D printing technology may offer numerous advantages
over traditional methods in construction projects, among them lower material and energy
consumptionBerman2012 155 Khajaviet al.2014 50, Labonnoteand al2016 347 Walter

et al. 2004 9), onsite production with less resource demand, and lower CO2 emissions
throughout thelife cycle of a product(Gebler et al. 2014 158). It also encourages
transformations in worktructures, including a safer work environment, and leads to changes

towards digital and localized supply cha{@haffaret al.2018 1).

From the perspective of an architect, 3D printing technology can shorten design and
development cycles; it enables customers talesign products that perfectly match their
requirements and ambitions;facilitates the realization of complex designs and the quick
management of design alteratiqi@erman 2012, 155; Khajaet al.2014, 50; Labonnotet

al. 2016, 347; Walteet al.2004, 9;Ghaffaret al.2018 1).

In recent years, 3D printing, an automated manufacturing technique withbiaisrer
control, has made staggering progress. It has been used in the manufacturing industry for
decades, and the technology has recently entered the construction secturioyses and

villas. Following years of further development, a systematic review shows that 3D printing
technology can be used to print laigmale architectural models and buildingsen so, the
technology's capacity is restricted by the lack of legge execution, the development of
building data models, the requirement for mass customization, and tbgdiéecost of printed
projects(Wu et al.2016 21).

While 3D printing technology has significant potential, it has not gained acceptance as quickly
as the markeexpected(Yeh and Chen 2018, 209)everthelesswith some caution, 3D
printing can be predicted to have a bright future in the construction industry, as it offers several

benefits over conventional construction techniques.

For this to happen, a necessary condition is the standardization of the process, the classification
of the materials, and the education of both the city administration and the professionals
participating in the preparation of the building perohiicumentsSpicek 2020, 220)It is

anticipated that the use of 3D printing technology could have a positive effect on some crucial
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concerns in construction, including project cost time (Radujkovic and Sjekavica 2017, 1)
labourcost leve(Guhathakurta and Yates 1993, 15; McTague and Jergeas 2002, 1; Soham and
Rajiv 2013, 583)and construction and demolition waste managertieatasurama200Q

307). It is clear that newconstruction technologies not only should enhacaestruction
processes, but also should bring construction closer to the current paradigm that balances the

components of people, planet, and profit.

The viable solution is to incorporate new technologies and solutions into the management of
construction projects. Technology readiness (TR) manifests itself in consumers' desire to adopt
and use innovative technologies to meet their daily/busimesis (Parasuraman 2000, 307).

The acceptance of new technologies necessitates the use of the Technology Acceptance Model
(TAM) principles, that presume that the acceptance of information systems is driven by two
main variables: (1) Perceived Usefulness (PU) and (2) Perceived Ease (REDV (Leeet

al. 2003, 1) Nevertheless, since construction is a fully pre@méented sector, the question
arises as to the status of the acceptancenwéntive technologies within the project
organization structure and what fluctuations it invelf@r the structure itself as well as for the

roles, responsibilities and interactions among the key participants of such prbfectssue

that also stays extensively unresearched is how to evade the scenario with the emerging 3D
printing technology and the old/existing organization, as it has been realized from the
experiencethat major changes or progressions in technology necessitate evolution or

adaptation of the organization and management to secure alivhetages.

The International Organization for Standardization states that the project organization is a
temporary structure that specifies roles, responsibilities and authamitieis the project.
Persons are designatetbminally to particular project organization rolesThe project
organization should set clear leadership and management principles, be agteed
communicated to every stakeholder in the projecaddition, the project organization should

be defined in sufficient granularity to grant each persoootoprehendhis or her role and
responsibilities, as well as the roles and responsibilities of others with whom he or she is
collaboraing. Throughout the entire projelite cycle, the esponsibilities should be coherent
andplausible(ISO 21502:2020 2020, 15).

The absence of any of the above specifics can lead to circumstances and scenarios that
adversely affect the environment of the project amautcomesFor this reason, the PM2

project management methodologéempowered by the European Commisyiocalso

98



recommends a very strong and translucent project organization, with an established and
accepted structure, roles and responsibilities, accurately described by the RASCI matrix
(Co E P2018, 29.

Besides the general PM standards, nonetheless, in each coukey gaaticipantstheir roles,
responsibilities and their interaction within the construction project are regulated by national
or local laws(legislation)and/or regulationsDue to the specific historical development and
economic conditionsthere are major variations in guidelines and procedures across regions
and countries, and experts manage their dutiexdmsideringnational regulations and
integrating developedniversal expertiseWhen applied to construction projects, we have
come to believe that it functions, but there are numerous unanswered queries apropos whether
and how the alteration in construction technology to 3D printing mwipact the roles,

responsibilities, and interactions of key participants inside the project organizational structure.

The conductedreview of current academic literatudkd not offer any pertinent research
findings on the organization of construction projects fop8Dbting technologyConsequently,

this study provided an insight into the literature, with a comparison and conclusions from other
sectors that are leading the way in the applicatighishoveltechrology. The study combines

such insights with the outcomes of three distinct explanatory, descriptive case studies from
Germany(3D printed staircase formwaorkthe UK (3D printed panels and columns of a bus
pavilion) and the US3D printed housing, with only observed exterior and interiatlsy,

whilst paralleling them with the setting and task of the project organization structure in
construction projects constructed using the traditional meffioel goal was to examine how

this adjustment is manifested in the project team and whether and to what extent the roles,
responsibilities, and interactions among key participants in a construction project that utilizes
3D printing technology are transfornginThe primary research question was therefore marked
asfollows: "How do the roles, responsibiliseand interactions of key participants evolve on
projects thatitilize 3D printing technologpenchmarketb the more conventional construction
method? In order to solve the main research issue, the three researcjuestibns were

determined:

1. What has been discovered to date about the roles, responsibilities and interactions of key

participants in construction projects utilizing 3D printing technology?
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2. What conclusions can Iseibstantiateébout the roles, responsibilities, and interactions of
key participants in projects involving 3D printing technoldgyked to the conventional

construction model?

3. Do existing project management methods/project organization structures need to be
modified to this comparatively innovative technology?

Key findings indicate that certain roles (client, project manager, quantity surveyor, structural
engineer, contractor) will continue to play key rolethis new technology project3hat said,
the new technology is expected to have an impacttheir job, competencesnd

responsibilities
5.2  Project organization structure - Research methodology

In the first part of the paper, the literature review and the most important outcomes are
addressed. Since the literature on project organizatiooon$truction projects using 3D
printing technology is relatively limited, examples from other sectors are considered (e.g., IT
sector, public sector management...). Alongside, thiber designated components of
construction projects in relation to the project organization stru¢euge, success factors,
project team dynamics, working conditions within project teams, stress, and work climate
within the pr ecxamioedwith am avaléajion asda which of these insights
could be applicated to cemmuction projects using 3D printing technology.

The second part of the paper covers three distinct case studies of projects conducted in
Germany (3D printed staircase formworkUK (3D printed panels and columns of a bus
pavilion) and US(3D printed housing, with only observed exterior and interior walls).
Discussions were undertaken with a range of project participants, and overall conclusions were
summarized by combining insights from project documentation and personal observations
following interviews wth project team members and lead&#hen selecting a case study, it

was noted that there have not been that many targeted projects using 3D technology (or trends
in new technologies in general), meaning that they were mainly in thegtstageAs already
mentionedn thefiConstruction 5.0section of this thesjst wasunderstoodhat themovement

is still mostly in its beginning dissimilar to USA and China, as thiurthermostleading
countries, where &roaderpresenceof comparableprojects has beenotedand with UK,
Germany, France, and lItaly in Europe and India, Japan, and Korea inmAsdiarately
following (Chun et al. 2018, 397).The projects for this study were selected based on the
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similarity of their organizational structure, as appropriate to the impacts of different practices
and regulationsThey were all conducted recently as well as in developed countries (as
trendsetters), and in all of them 3D printing technology is acknowledged as a potential alternate
to the issues of conventional construction. Results were presented independently for th
literature review as well as for each case study, and then incorporated into the discussion part.
The end of the paper contains assumgtidimitations, and suggestions for further research,

all followed by conclusions.

Figure 37: Research Methodology Diagram

Literature Review LR Results

Research Gap and
Research Question
Definition

Discussion &

CS1 Results Conclusion

Case Studies CS2 Results

\ CS3 Results

Source:Spiceket al.2023,5.

5.3  Project organization structure - Results
5.3.1 Project organization structurd.iterature review findings

Generally, regarding the subject of the suitable project organization structure (optimal balance
of roles, responsibilities and interactions) of the construction project team, there are numerous
studies handling fundamentals such as project success f@&odrgkovic and Sjekavica 20,17

1), collaborationamongst construction project key performéeepet al. 2019, 919)or
temporary multiorganization of the proje¢Fellows and Liu 2008, 219).
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When it comes to construction projects that use 3D printing technology, nevertheless, a review
of the literature has shown that these topics are principally wedearched due to the
comparative freshness of the technoloBlye situation is likewise comparable with regard to

the project organizatiostructure( | SO 21502: 2020 2020, 15; PM)]

The review proved that there is a shortage of papers linking the poagactization structure

and construction projects utilizing 3D printing technoldgyaddition, the laws and regulations

of each country specify and categorize the roles and responsibilities of the key participants in
construction projects, artieseare approve@dndbr complemented by norms and standards
both within the country and internationally. That said, we have up tonnbfound any such
regulations or standards to be a uniqueness due to the emergence of 3D printing technology.
However, this is uslly the case with regard to standard construction, where innovative and
unconventional technologies, involving 3D printing technology, have been mostly ignored
initially. There is also an encouraging tendenoted in efforts to standardize all 3D printing
technology activities by correlating themnmretraditionalconstructiormodel.Accordingly,

in this paper, in the first part, throughout the categorisation of the literature review, it was
conceivable to derive suitable deductions and probable bases for the explanation of the project
organization structure of construction projeasing3D printing technology, mostly from the

prior researcés within traditionakonstruction, but also from several studiesfrdifferent

industry sectors.

5.3.2 Case study 13D printed staircase formwork (Germany) findings

An analysis of the 3D printing of stair formwork used in the construction of the new bank
buildings in Leipzig is provided in the first case stuHgsentially, it is a curved arch of the
lobby stairs, singlshell masonry (monolithiconstruction).Given the complexity of the
project, it was ideal for incorporating 3@inted formwork, as the higiprecision formwork

was necessary to provide the staircase wsimaoth and consistent curv@onsidering that

the shapeof the staircase is triple curved, 3D printing was the plausible alternasvthe
traditional manufacture of such a formwork would have been extremely complicated and
consequently very expensivThe casting performance was ultimately so excellent that no
distinction could be made betwestandardand 3D printed formwork panelB general, the

3D printing project has resulted in major cost and time reductions for the @nafieet. The
threefold bending could not be reproduced with this accuracy in a traditiamaler Besides,

the 3D printed formwork elements are weathesistant and can be exposed to wind and
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extreme weather without altering their characterisfit® surfacevasscratchresilient which

implies that nodistortionsarosein the course oftoncrete castingtl{frough compaction).
Regarding the project organization, it was stated that the main part in the implementation of
such projects is shared among the concrete specialist in collaboration with the structural
engineer and the 3D printer operatmhufacturerThe dividing line between 3D printing and
conventional construction &so specified by these tribhe concrete technologist with regard

to the performing athe fabric, the structural engineer with regard to the requeststhézathg
capability of the element to be printed, and the "printer" with regard to wdhdt be
accomplished in terms of construction logistics and machinery technology. Together, they
constitute the core teams far as the individual project roles are considered, the client invests
in a construction, and Higer principal concern eventually remains in the financial design of
the merchandise and the additional benefit that can be attained Witfeiie is less room for
improvisation for the project manager. Clearly defined procedures that require more complex
pre-planning have been already introddcPlanning during construction will also no longer

be feasible. The architect will be required to do more preliminary research than just designing
anddrafting.Level of upfront planning is going to considerably improve. Thisresdlt must

be existing (incl. practicalities) prior igsuingthe tenderincreased expertise on feasibility

and state of the art in designs needs to be incorpofidtedtructural engineer furthermore has

to prove the stability. Nevertheless, he/she requires precise dath&a@woncrete technologist

and is not able to rely on standard reference values as udedstibly, he/she will define
required bed strengtraluesthat the concrete technician must accomplish when preparing the
admixturesConstruction operatiorand logisticawill be considerably influenced by this new
technology.Supply and transportation areas in conjunction with the different construction
elements, i.e., what is printed and what is traditionally constructed, necessitate enhanced
preparation of construction sequences and procedaresms of construction operations, the
printer will likely interfere with conventional construction processes by obstructing
transportation paths for its own matesalpplyneeds, etcHence, it will be more difGult to
change processes "on the fly". Accordingly, the significance of prsjgarvision would be
considerably bigger than in conventional constructiomo fields of additive manufacturing

are important to the contractor: printing of structures (3D printing of concrete or similar
masses) and printing of construction supplies @nefabricated components.was estimated

that the contractor will have to drastically develophesexpertise and knowhow or purchase

this expertise externally. Hshewill turn out to be more of a machine operator and in addition

take over on sulssignments (assembly of beaansl/orlintels, etc.).
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The typical construction procedure in unification watbnstructionsite logistics will appear
totally different.A key aspect will also be that time should be distinguished between time used
for 3D printing and time for the manual rewoRor example, the printing times could run at
nighttime with single operator, while the required rework would be conducted throughout the
day. There are also no longer any restrictions to the design of geomktisamerely that the
expertise passes from the persmmmally doing the work(in the traditional constructiortp

the designer who designs the finishmatts in 3D Different craft skills are consequently no
longer just as crucial. The qualification of the workforce shifts from skilled construction
worker/assembler to machine operator/service mechasia result, costs will shift from
manpower staff augmentation to suppliers and project managemsift high-level of

expertise
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Figure 38: 3D printed formwork of the staircase

Source: Spicek and 2023,10, based on voxeljet 2021, 1

Figure 39: View of the stairs after removal of the 3D printed formwork

d i‘w !
Source: Spicek and al 2023, 10, based on voxeljet 2021, 1

5.3.3 Case study 23D printed panels and columfos wall sections K findings

Second case studyas studyingthe fabrication of panels and columns that are built into a
constructiorwhose ultimate purposgas foreseen as bus stopdr pavilion).A 3D printing
technology was selected with the goal of producing-fioe structures with no requirement

for the moulds.It also hints at the benefits of 3D printing method when it comes to adapting
structures (e.g., topologgptimized structures, etc.Jhe biggest strengths were identified as
free form and material efficiency, while theajor weaknesses were surface finish, early
investment in higkend machinery and theecessityfor specialists (operatorsf:rom the
findings of this case study, it has been shown that a proper project team should consist of

experts from various backgrounds, e.g., materials, construction engineering,
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CAD/CAM/robotics, mechanical and manufacturing engineering, building services
engineering, construction management, Btis means fewer subcontractors for the client, and

a project is easier to manalgecause a 3D printing company is likely to perform all the tasks.

Two separate situations govern the role of the project margeronsite printing project is

more about managing machinery and equipment than peopl2) anaffsite printing project

and onsite assemblyvhich demands moreotus on supply chain and logistics. The major
change in the architect's role is "Design for Manufacturing/Printi#ug.drchitect ouldin fact
dictate a whole project, as his/her design should already consider the realisation of the printing
process, or rather, the architectelement of a "manufacturer/designellost likely, there
would be no difference in the role of the structural engineer. In any situation, edginests

for the mechanical strength and stability of the structure mussatisfied Managing
technologies and equipmetduld bemore crucial than managing people, and the focus on
supply chains and logistics will also be manifested in project supervision responsifihiges.
main contractor's role will not change muahwill still be responsible for building the project

and managing the constructiddowever, the work content may vary through the use of 3D
printing methods, such as subcontracting to a 3Dtipg company or purchasing/renting
equipment and services from a skilled 3D printing company to execute the work. As a
consequence, thggiickenghetransformationn the occupation and/or employment of workers

on theconstructiorsite, with higheexpensesor the project team bueducedeesfor labour

and suppliers.

Figure 40 - Drawn based on the specifications of the project executing organization

Source:Spiceket al.2023, 11
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5.3.4 Case study B8 3D printed housing (US) findings

Third case study focuses on the exterior and interior walls of a future residential bulding.
company that supplied and maintained the 3D printer was from Denmark (the same company
as in the case of Beckum). It was therefore assumed that both the standard and the procedures
were embraced from comparable projects previously conductédrope Especially in the

creation of CAD files, but also in all other segments, a gap Wwasreed between the new
technology and the old / existing paradigm, which hiadehe desirable project success.a

client experiment, the 3D printing project was conceptualized with a drive for automation as a
feasible answer to the market's shortage of qualified workers. Despite thispitedihat the

existing level of automation is nasanticipated and the dependency on human intervention is

still extremely high.This also means that research and development are necessary in all

directions and in all aspects (software, materials, hardware, etc.).

Thinking outside the box was the greatest task, as the typical case of a new technology and
existing/old paradigms led to a weaker outcome than projected. 3D priatthgology

though, could offer a possible solution for any unique/complex concrete form that requires
unique/customized formwork, so 3D printed concrete should be counted as an alternate, as
demonstrated in this case stujven the specifics of each project and the lack of reference
examples, it was quithallenging to make broad statements about what the ideal project team
should consist ofin terms of the client, the main deviation was that in this particular case, the
investor has to buy or rent a 3D printer, which is obviously the most crucial component of a
project of this kindIn this case, however, it was not a-foofit project, but a straightforward
educational purpose that differs from the usual objectives of conventional construction projects
(especially as regards the client's rolEhe progct manager's job is generally to manage a
number of various aspects, only in this situatibnyas additionally to organize facets of
engineering that some subcontractors have almost certainly nstemrebefore-urthermore
practically every participating company on this construction site had their own project
manager, making it difficult to universalize their rol&fie architecshouldbe conscious of

the 3D printer's abilities and apply them to his renderingring it to life. Not every axis can

be printed precisely to our vision/design. Consequently, in this case, the astiglct have
beenaware of the physical limits of 3D printers from the sfainere is currently no distinction

in the manner in which a structural engineer treats g1&ed home in comparison to a

traditionally built home, as all projects will always require some type of conventional structural
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measuremen{e.g., vertical load, column lodukaring capacity calculation etc.Jhus,
structural engineers did not really pay much attention to thedeadng capacity of the 3D

printed walls themselves, because in this case they only serve as "formwork" for basically
everythingelse.But this "formwork" must alssatisfyall the technical requests, samettzes
concrete in the usual formwork (together with reinforcemddévertheless, the structural
engineer's role should be adjusted, and there should be a revised approach to structural integrity
testing. Basic cylinder tests thstructural engineers typically conduct are insuffiti®©nce

again, there was a demand for a paradigm shift that has not yet occurred, and the issue of when
it will remain unanswered\No particular difference in the role of the quantity surveyor was
noted. All otherwise observed risks, precautions and methods should also be considered here
as well Also in this case, all otherwise observed risks, precautions and methods should be
respectedror the most part, the role of the contractor is much like ththiegbroject manager.

The unique feature, once again, is that it was a specific and inimitable structure for which even
the contractor, notwithstanding his overall expertise, is not likely to have any referential
knowledge for those specific instances. Whhe full potential of 3D printing has yet to be
adequately defined or realized, it is speculative to talk of what will eventually happen to the
demand for manpoweithe trend is to automatize the processes, but we are still a far away
from this.It's also almost impossible to get a precise costs figure because companies are still
battling to find investors in such casés.addition, this project had many volunteers and
workers who worked without compensation, which muddies the true picture of costs
benchmarked to a conventional construction sitesummary, there was no exact edst a

3D printed houséecause there is no way to buy one e¢rainprice from a company using

the standarduying /selling procedure artiey are always part of anetime experiment.
However, the price of works / sale would probably turn out to baldave averagéa. 30

40%) than that ofonventionatonstructiormethod
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Figure 41 Three-story house 3D printed (exterior and interior walls)
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Source: Spicelet al. 2023, 12, based on Kuchinskas 2022, 1 and Courtesy of Peri/3D

Construction Inc

Figure 42: 3D printed exterior and interior walls, retained in their originally layered state
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Source: Spiceket al. 2023, 12, based oKuchinskas2022, 1 and Courtesy of Peri/3D
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5.4  Project organization structure - Discussion and Conclusion

The conducted study implies that there is a dearth ofiefuzh the effect of 3D printing
technology on roles and responsibilities within the project organizational structstectof
construction projectdt would be encouraging to see much more research on this topic in the
future, as new technologies require a new organizational paradigm, or at least an adaptation of
the current paradigmdith this in mind, this research provided the key findings of the case
study approachAlthough 3D printing has yet toalve a major impact on the construction
market as a whole in today's construction industry, and hence also in the cases discussed here,
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it was consideredhat it is an evolving trend and an exceptional timing remearch.The
decision to focus on the first group of key project stakeholders stemmed from its resemblance
to the conventiongbrojectorganizational model for construction projedtsr the future, the

study confirmed that selected roledignt, project managerguantity surveyor, structural
engineer, contractor) will continue to play key roles in construction projects involving new
technologiesNevertheless, it is to be anticipated that the new technology will impact their
actions, their responsibilities, and their competendigs.case study results indicate that new
technology will principally affect design, supply chain, and quality, which means management
will need to align integration, scope, procurement, risk, and stakeholder management
responsibilities and practices. Aeteame time, there is a wddunded expectation that the

new technology could have a positive impact on the famous "iron triangle" of time, cost and
guality. The implications of the above on HRM in projects wilspeciallyinteresting, which

Is possibly the key area that will be influenced, as there are always specific people and their
competencies behind any humactivity and resultslt is evident that shifting some of the
activities from construction sites to industrial plantt have a positive imact on the shortage

of construction workers, especially in developed countrilse study affirmed that
clients/investors are concentrated on the business case and value creation of the project and
will only adopt new technologies if they encourage that interest. An architect's role will be
facedwith a more challenging process of eventual later modifications to the design. At the
same time, he or she will have to work even more closely with other experts, such as concrete
technologists and structural engine€se might predict that "a certain quartet”" consisting of
architect- technologist structural engineerprinter operator/manufacturer might form a-sub
team beginning from thdesign procesdue to the move closer to edite production, the
guantity surveyor / site supervisor jobay changecorsiderably Undoubtedly it impacts
contractoron the largest scalastheywill be confrontedto dilemma either tonanufactureor
subcontract, tpurchas&D printing machines or natc.Nevertheless, contractors or suppliers
need to acquire new expertise and skills and establish the machine operator movement.
general, 3Dprinting is expected to generate a new reality with "fewer people and more skills"
that will affect the project manager in a major whlge project manager typically assumes the
role of coordinator, guided by expectations and circumstances and governed by participants
and practicedt is anticipated that within this framework, the complexity of his/her work will
increase even though there is less manp@meconstruction siteProcesses will change and

the pool of participants will expand (new professionals), requiring a new set of interactions

between parallel osite and offsite activities.Pressure on management's "iron triangle"
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delivery criteria will increase due to expectations of testinology And this is precisely what

can and must be managed by a more efficient and effective organization within the project,
which must be tailored to the blend of-site and manufacturing productioBased orthe

main assumption of this study, 3D printiteghnology is considered as emerging trend that

will be accepted by the construction industry and bring the expected benefits to the
stakeholders, mainly a more streamlined and produgtomk where more added value is
generatedStudy limitations stem from the fact that the results were collected in three cases
where 3D was implemented in the early stages, i.e., they were more like pilotNesgiess

to say, the future development of 3D printing technology will be based on product quality
control, including rheological control of materials, geometric and dimensional conformity,
structural performance, etc., in order to achieve customizedpradisction with predictable
quality and to esure that the geometry and dimensions of individual components are within
tolerances and that the entire assembly is proviBean the other perspective, there is a
reasonable anticipation that new technologies will bring demonstrable benefits and profits.
Whereas clients/investors will mainly concentrate on the implications for the value to be
created and the financial details, contractors will also focus on the supply chain and delivery
processes, while management experts will face new challengesulaalyi in thefields of
integration, scope, risk and stakeholder management. Great attention should be paid to the
competency model and its updating in all key positions of the planning and construction

implementation.By doing so, future studies on the proposed subtopics would be stimulated.
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6 3D PRINTING TECHNOLOGY FOR  MEETING
ACONSTRUCTION 5.00 CRITERIA

6.1 3D printing technology as a component ofiConstruction 5.00 -

Introduction

"Industrial Revolution" is one of the few expressions in the personal vocabulary of business
historians to have entered the mainstream ofahguage Coleman 1956, 1)Any industrial
revolution causes transformations in the technological, sssmaomic and cultural fields

( P oetal.2019 1).

What characterizes all industrial revolutions is the alteration of the way of technological
functioning as a result of the massive adoption of accumulated industrial innovations and
systemic transformations in the industrial sector, which lead to radicalehanipgistics and

manufactured good®opkovaet al.2019, 21).

As the world is currently in the Fourth Industrial Revolution or Industry 4.0, it is considered as
an innovative industrial phase where various emerging technologies are converging to provide
digital basedsolutions(Franket al.2019, 15).

The digitalization is reshaping the environment of business and organizations are experiencing
challenges to progre¢slachadoet al.2019 1113.

Such challenges demand the evolution of various organizational and technological skills
(Screminet al.2018, 224).

By analogy, the constructiosector is modifying its operations and working practices, and
expansion of new technologies in the last decades has resulted in a new concept known as
"Bauen 4.0", a term first minted in Germany2id16(Forcaelet al.2020, 1).

The construction industry has a pivotal economic role in the economies of any country
(Craveiro et al. 2019, 251l}.is a strategically vital sector for the European economy as well,
with the involvement of a multitude of stakeholders and corporations, proZ@imgjllion
working places (European Commiss@di4, 3).

The World Economic Forum reports that a 1% productivity increase globally has the potential

to save $100 billion annually in constructiodated costs (World Economic Fori2818 1),
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contributing to a country's competitiveness and sustainable developiadiongl Research
Council 2009 1; Despotovicet al.2016 656 World Economic Forun201§ 1).

Despite the ability of Industr4.0 technologies to enhance the design, management, operation,
and decisiormaking of construction projects, the capacity to incorporate the technologies
completely within the construction sector is pédterschbrock and Figuerddunoz, 2015

247). Today, the concept of Industry 4.0 represents a future vision of manufackmingver,

a lot of individuals are unconvinced by this new approackyven dismissive of it (Kolberg
and Z;hl18®), 2015

Nevertheless, even before realizing the complete extent of the potential of Industry 4.0 and
Construction 4.0, the terms Industry 5.0 &8dnstruction 5.0are coming into focus. Whereas
most organizations are already engaged in digitalizing their businesses by integrating artificial
intelligence (Al), Internet of Things (IoT), cloud technologies, and further sophisticated

technology, another level of thedstrial revolution ismminent (Paschekt al.2019 1).

Industry 5.0, the fifth industrial revolution, is composed of smart digital information and
manufacturing enabling technologié¥avaid and 202Q 507). "Industry 5.0- A Human
Centered Solution" article presents the Industry 5.0 idea in which robots are entwined with the
human brain and operate as a collaborator instead rafab (Nahavandi 2019, 1)New
paradigm of Industry 5.0 includes the intrusion of artificial intelligence into people's daily
routine, their "collaboration” aiming to enhance human performance and putting humans back
into "the center of the univers€Skobelev and Borovik 2017, 307).

As such, Society 5.0 snotion that outlines the transformation in people's lives as the fourth

industrial revolution progressésladdikuntaet al.2022, 1).

Furthermore, whereas Industry 4.0 implicates technology such as BIM, drones, robots, and
artificial intelligence including Big Data and augmented reality, the 5.0 aspect is adding the
social perspective of digitalization, inclusive of the dedication t&tistainable Development
Goals (SDGs) Subsequently,fiConstruction 5.0 is the amalgamation of the erstwhile
Construction 4.0 and Sustainable Construction worgnogips(CICA 2022, 1)
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Figure 43: Moving from Industry 1.0 to Industry 5.0
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It is expected that several very promising technologies and applied sciences will underpin
Industry 5.0 to boost manufacturing and instantaneously provide -tadde goods
(Maddikuntaet al.2022, 1).

These technologies could includD printing, artificial intelligence, Big Data, cloud
computing, and the Internet of Things, all of which are essential for Indust(CAub et al.

2018, 397)A key focus of this thesis is 3D printing technology within that context.

The goal of théiConstruction 5.0working group for the coming years is to generate specific
recommendations/action plans for the construction industry regarding best practices for
sustainable building and construction innovation (Construction Buddhermore, the goal is

to primarily define CO2 reduction and energy use saving possibilities from the construction
companies' point of view (e.qg., recycling frameworks, capital investment portfolios that enable
carbon emissions reduction, etcQver the next two years, the targeted actiosaaand
corresponding KPIs should be defined to enable measuring the influence and impact of the
construction sector on the accomplishment of the Sustainable Development Goals (SDGs)
(CICA 2022, 1).
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This raises the question of how 3D printing technology fits primarily into the concept of
Industry 5.0, but also what impact it potentially has on fulfilling the Industry 5.0 criteria as

well as thefiConstruction 5.0 sub-concept.
This led toresearch questions which were:
1.1s 3D printing technology in line with the characteristics of the "Construction 5.0" paradigm?

2. What are the implications of 3D printing technology that meet the critefi@arstruction
5.00?

6.2 3D printing technology as a component ofiConstruction 5.00 - Research

methodology

In this paper, mixed research methods were used. The initial segment of the paper addresses a
review of the literatureSince the paradigm diConstruction5.00 is addressed only very
reluctantly in the literature because it is a fairly innovative idea, parallels and conclusions are
drawn fromindustry4.0 andConstructiort.0, based on the assumption ffi@bnstructiorb.00

is a further extension @@onstructior4.0 and that there is no satisfaction of i@®nstruction

5.00 criteria without concurrent completion of tB@nstruction 4.@riteria The second part of

the paper refers to the categorization methodology. Based on the literature rethiew
approach, tools and taxonomy of the impact of 3D printing technology on the realisation of
fiConstruction 5.0 criteria are projected and cumulatively evaluated in the discussion part. In
the third part of the work, the same criteria were verified through case studies. Case studies
included four separate descriptiveevocative case studies fro@ermany (Leipzigi Stairs
Formwork), China (Tianjin Zhaozhou Bridgeand Switzerland (1. ZurichSmart Slakand

2. Zurich- Integrated FunicularAt the end, a conclusion was drawn and a proposal for further

research was made.
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Figure 44. Research methodologyfi{Construction 5.00)
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6.2.1 3D printing technology as a componenfi@onstruction 5.0- Tools /

methods / approaches and taxonomy

It was determined, based on the literature review, that the most critical impact dimensions in
addressing thefiConstruction 5.0 criteria when utilizing 3D printing technology in
construction projects are as follows: Increased Environmental Sustainability (ES), Increased
Construction Safety (CS), Increased Compatibility (Technology) (CT) and Increased
Resilience (RE).

The field Increased Environmental Sustainability (ES) contains Reducing CO2 emissions
(ES1), ReducingCarbon Footprint (ES2), Reducing energy consumption (ES3), Reducing
water use (ES4), Reduce construction time (ES5), Waste generation reduction (ES6) and Using
local materials (ES7). The group named Increased Construction Safety (CS) includes: Reduce
biological hazards (CS1), Reduce chemical hazards (CS2), Reduce ergonomic hazards (CS3),
Reducepsychosocialhazards (CS4), Reduce physical hazards (CS5) and Reduce mental
fatigue of workers (CS6). The following group is defined as Increased Compatibility
(Technology) CT andhvolves Compatibility with 10T (CT1), Compatibility with Big Data

(CT2), Compatibility with BIM (CT3), Compatibility with Cloud Computing (CT4) and
Compatibility with Artificial Intelligence (CT5). The final impact dimensions set is specified

as Increased Resiliee (RE) andhcorporatesResilience for natural hazards (RE1), Resilience

by Cyker Security challenges and vulnerability (RE2), Robustness (RE3), Resourcefulness
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(RE4), Rapid recovery (RE5) and Redundancy (RE6). Each of the impact dimensions is
graphically represented in the diagram below. Further clarification of these dimensions can be

seen iMAppendixC das part of the case study responses.

Figure 45: Initial model of impact factors of 3D printing technology on meeting the
criteria of AConstruction 5.00
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Casestudy i iS22 ¢ hsi s ¢ h e 0l Leiptga Gebmeamy k

During the constructionofttee adquart er s of t ha&nLéigyahafi sche
spiralled staircase with intermediate landing was to be erected, which is saddled on a supporting
wall. To give it a smooth and even curve, highly precise concrete formwork was required
(voxeljet2021, 1.

The responsible parties placed their trust in the globally renowned formwork supplier for this
job. After extensive analysis and definition of the formwork shape for the staircase, the surfaces
were categorized according to their complexXiyiaxially curved surfaces with cylindrical or
conical shapes were formed conventlbynd he special feature of this staircase, however, was
the triaxially curved surface, which reproduces the fillet of the staircase soffit to the inside of

the bearing wal(voxeljet 221, 1).

Figure 46: 3DP makes complex concrete formwork more efficient
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Sourcevoxeljet 2022, 1
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Case study 2 Old stone bridge in Tianjin rebuilt with 3D concrete printing, China

Zhaozhou Bridge, a famous stone arch bridge from China's Sui Dynasty, wasn&iol
concrete bridge reconstructed by Hebei University of Technology in Tianjin, China, on Oct.
14, 2019. The 3Eprinted bridge has the longest single span of 17.94m amonryiBied
bridges in the world, with a total length of 28.1m. This was printeditffusing a modular
process and then assembledsdg to the 1:2 scale of the original ancient bridge. The printed
material and mechanical equipment were specially desigreedragineered. This bridge has a
high safety coefficient, as the loading of different bridges has been considered

Figure 47: Old stone bridge in Tianjin rebuilt with 3D concrete printing

Source: China Daily 2022, 1
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Case study 3 Smart Slab, Switzerland

Smart Slab is the first loaokearing concrete slab produced with-Biinted formwork. The
lightweight concrete slab is characterized by its Huliensional geometric differentiation on
multiple levels. The project combines the excellent structural properties of concrete with the
geometric freedom of 3D printing. This construction method esatiie design of highly

optimized concrete components with complex decorative structures.

Figure 48: Load-bearing concrete slab

Source: DFAB House 2022, 1
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Case study 4 Integrated Funicular Slab

This case study is based on the state of the art and demonstrates how fused layer 3D printing
can be used to produce a customized formwork from fully recyclable materials for a functional
concrete slab. The resulting demonstrator is structurally effective rdpdveighs 30% of a
traditional solid slab. In addition, it showcases the integration of a complex chilled beam
ventilation system within the slab's 30 cm deep structure. All these complex geometric features
are achieved with an ultlgght 3D-printed fornwork that weighs less than 10 kg for the whole

600 kg concrete slab

Figure 49: 3D Printed Formwork for Integrated Funicular Concrete Slabs

SourceJipa and al 209, 1

6.2.2 3D printing technology as a componenfi@onstruction 5.0- Literature

review findings

As the concept ofiConstruction 5.0 is relatively new and the literature on it is still in its
infancy, concurrent deductions from Industry 4.0, Construction 4.0 and Industry 5.0 were used
as a foundation for determining the impact dimensions. Industry 4.0 was considered a new
industrial plase in which several evolving technologies converge to provide digital solutions.
The applicability of Industry 4.0 in manufacturing logistics was also found to vary depending
on the production setting, with companies with a lower degree of repeatabititpduction

seeing less potential for applying Industry 4.0 technologies in manufacturing logistics than
companies with high repetitive production. This brings us to a potentially useful application of
lean methodology in project management of projectediat the application of the industry
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4.0 paradigm authenticity. As a result, it is noted that Construction 4.0 technology provides the
ability to enhance the planning, management, operations, and decision making of construction
projects. Given the pervasive use of Building Information Maagl{(BIM), lean principles,

digital technologies, and offsite construction, the industry is on the verge of this change.
Construction 4.0 stands for the exploration of new technologies by the architecture,
engineering, construction and operations industies is the analogy of Industry 4.0 in the
manufacturing world. The concepts are not only related to technological matters, but also to
management and processes. This is why the adoption of Industry 4.0 is a major challenge for
the construction industry (@struction 4.0). In parallel to the term Industry 4.0, we already
meet the concept Industry 5.0. While Industry 4.0 is regarded as techiooiegted, Industry

5.0 is valueoriented. It defines Industry 5.0 as increased collaboration between people and
intelligent systems via higprecision industrial automation supported by critical thinking. The
paper, "Industry 58 HumanCentric Solution,” also delineates a set of key features and
common concerns that any manufacturing organization may have abuosiryns.0, shaping

the future from digital manufacturing to digital society. A number of visions for Industry 5.0
exist, and one emerging theme is humaloot cooperation. Whereas there are many studies on
humanrobot collaboration in simple tasks thatdigmon the development of robots, studies that
focus on organizational issues that arise from hurobot collaboration have been lacking.

Not only knowledge and digital life, but also robots that behave like humans are going to

occupy a large scope in thearest future.

It has also been revealed thig@onstruction 5.0 is aiming to encourage the alignment of
technological and digital innovations for the construction sector with the social dimension. The
fiConstruction 5.0 is the amalgamation of the previous Construction 4.0 and Sustainable
Construction working groups. Construction 4.0 covered technologies such as BIM, drones,
robotics, and artificial intelligence, including Big Data and augmented reality, while the 5.0
dimension is bringing in the social aspect of dig#ation, including engagement with the

Sustainable Development Goals (SDGSs).

From the project management standpoint, one part of the work ecosystem within the new
industrial requirements is the way in which project teams should be managed. It is stated that
speed and flexibility are necessary to implement the various technologidsrim the basis

of the fourth industrial revolution. This will also require project teams and project managers to

adapt their behaviour. Both in the context of projects and Building 5.0, sustainability is one of
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the most important challenges of our time. It is acknowledged that projects play a pivotal role
in achieving more sustainable business practices, and an emerging theme in project
management research is the relation of projects to sustainability. The ofosiostainability

in project management is expected to grow in importance in the years to come. At present, the
conditions (socioeconomic, environmental, and technological) in which organizations operate
and projects are executed are continuously evaMsg result, sustainability is emerging as

one of the most significant factors in organizations and projects, which makes the relationship
between project management and sustainability a crucial one. The integration of sustainability
into project manageemt demands the consideration of a holistic set of sustainability principles,
rather than just a set of indicators. Given the amount of concrete produced and the number of
concrete structures built, the problem of associated environmental impacts israralesart

of the overall global problem of sustainable development. The use of ecologically optimized
concrete structures, therefore, offers the possibility of increasing the quality of construction
and thus reducing the environmental impact. Anothetystound that local materials reduce
construction energy use by up to 215% and transportation impacts by 453%. In reaching the
goals offiConstruction 5.6, it can be reasonably concluded, with some caution, that the lean
methodology of project managemestaeneficial. In fact, one definition of lean construction
reads: "The continuous process of eliminating waste, meeting or exceeding all customer
requirements, focusing on the entire value stream, and striving for perfection in the execution
of a construabn project." Increasing numbers of academics and construction professionals are
not making progressvith traditional construction management to provide better value to
customers while generating real profits. Consequently, lean tools have evolved bath@gre

used successfully on both simple and complex construction projects. Generally, lean
construction projects are simpler to manage, safer, completed faster, cost less, and are of better
guality. Unfortunately, here is again an obvious example of the conflict between the principle

of line production and the project ecosystem.

The safety culture concept is relatively new to the construction industry, but is gaining
popularity because it involves all perceptual, psychological, behavioural and management
drivers. Within the workplace, there are many kinds of hazards. Among teeengamomic,
chemical, biological, physical, psychological, etc. hazards that can cause harm or have a
negative effect in the workplace. As the use of digital technologies in the design of buildings
and infrastructure increases, the question of their aaftins for safety in construction arises.
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6.2.3 3D printing technology as a componenfi@onstruction 5.0- Case studies

findings

Through 4 case studies, the description of which is in the area of methodology of this chapter,
interviews were conducted with focus groups, and these answers were later numerically /
guantitativelysupported by &-point Likert scale, according to the rating classificabefow:

- Allocation of value (always compared to traditional construction)

1 - much worse

2 - worse

3 - no difference / not recognized
4 - better

5 - much bette

Figure 50: ES (Increased Environmental Sustainability) Result$ Likert Scale
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Source: Spicek 2022
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Figure 51: CS (Increased Construction Safety) Results Likert Scale
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Figure 52 CT (Increased Compatibility - Technology) Resultg Likert Scale
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Figure 53: RE (Increased Resilience) Results Likert Scale
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6.3 3D printing technology as a component ofiConstruction 5.00 - Discussion
and Conclusimn

Running parallel to the term Industry 4.0, we are already encountering the concept Industry
5.0. Whereas Industry 4.0 is regarded as technedogyted, Industry 5.0 focuses on value.
This defines Industry 5.0 as intensified cooperation between peoplataligent systems
through highly precise factory automation, which is supported by critical thinking. It also has
been revealed thd@iConstruction 5.0is intended to promote the alignment of technological
and digital innovation within the constructisactor in terms of the societal aspé@dtis study

once again highlighted the gap between Industry 5.0 f@whstruction 5.6, with the
construction sector lagging behind in all areas, both scientifically and practically. In addition,
the need for a holistic approach to managing the sustainability of projestslént as is the

need tomore consistent applicatiaf lean management principles with the aim of achieving
betteroverall project success.

Prompted by analogy and conclusions from Industry 4.0, Construction 4.0 as well as Industry
5.0 filnitial model of impact factors of 3D printing technology on meeting the criteria of
fiConstruction 5.0 was proposedThis model covers 4 dimensions of impact, respectively:

il ncreased Environnfelntcrle aSest aG cmmadti rhwca tgiacre d
Compatibil ity @lITreccrhenaos eodyysbthisahitialenodeleddaifferent
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case studies were sampled. Focus group interviewsasarkictedand respondents' answers
were additionally quantified in numerical form using-pdint Likert scale

In the vast majority of responses, it was undoubtelfousthat the specified aspect is either

not recognized or that there is no difference between construction projects using 3D printing
technology and traditional construction techniques. Nevertheless, 3D printing technology is
recognized as at least betterrtheonventional construction methods in almost all aspects,
which is particularly visible inthe ImpactDimensionn a meldcreaSed Environmental

Sustainability.

From the above results, it can be concluded with certain caution that 3D printing technology
meets the criteria diConstruction 5.6, A larger sample of observed cases is required for a
more reliable confirmation, as well as a clearer definition of the objectives of the "Construction

5.0" concept from a highdevel perspective.
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7 CASE STUDIES IN CRITICAL SUCCES FACTORS
ANAYLSIS

7.1 Case studies in critical success factors analysitntroduction

To date, there has been a rather absence of studies that have addressed the rate of adoption of
3D printing technology in the construction industry as a whole. A new 3D printing technology
adaptation model has been createddoreasehis researclyap As a starting point for this

goal, advanced theories of technology adaptation were used to determine the relevant
influencing factors, where only theories that concentrate on the technology and the outcomes

of the use of 3D printing can be studied andly®d (Beskluboveet al.202], 1).

The technology acceptance model (TARRYis1989 319), innovation diffusion theory (IDT)

(Rogers 2003,)1technologyreadiness (TRB a kK g © z e , and dostingereytheory (CT)
(Donaldson 20011)) were thereforeviewed asthe mostfitting theorieswith regard to the

development of a conceptual model.

The factors from the above theories of technology adaptation were compared to determine their
similarity and to generate a list of factors ttsiimulate the adaptation of 3D printing
technology in construction, in sequengd) Relative advantage; (2) Complexity; (3)
Trialability; (4) Compatibility; (5)Absorptive capacity; (6) External pressure; (7) Uncertainty;

(8) Supplyi side benefits; (9) Demaridside benefitsgesklubovaet al.2021, 1.

As a plausible addition to the establishment of success factors for construction projects using
3D printing technology, the attention of this paper was to valitheen by means of a case
study. The first legal, fully 3Bprinted house on German soil, in the city of BecKiari 2021,

1), was selected as an explanatory, descriptive case. Sthidyis a highquality residential
building with a living area of 160 square meters. Throdgbumentation meetings with
various relevant project participants and the concluding interview with the company's team
leader for the organization of 3D printing, di@ovementionedsuccess factors were explained

and inspected. To contrast the actions of the same success factors within conventional
construction projects, an additional case study was fabricated. This was the construction of a
172 square meter house constructed iniBarking conventional/traditional construction

method, but with the usa@é various innovative technological solutions.
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Research questions are defined to provide answers to the conundrum of how this success
factors are applicable through case studies of 3D printing projects and how these same factors
behave in the context ofmore conventional construction approachThe comparative
resemblance of the application possibilities of these factors in each case study as well as the
fairly equal ratio of advantages and disadvantages of application in both construction methods
was demonstrated’his generated the need to develop aisienrmaking tool for potential
investors on which construction method to choose, but also highlighted the fact that 3D printing
technology could almost certainlynever be fully sustainablewithout combining it with
traditional construction methodalso, the findings of the study "Logistic cost analysis for 3D
printing construction projects using a nudtage networbased approach” indicate that the
leading logistics cost component for 3DP is transportation, the careful considering of which

provides the feasibility of a 3DP construction projéB8eskluboveet al.2023, 1.
7.2  Case studies in critical success factors analysiResearch methodology

To explain the factors affecting the adaptation of 3D printing technasgwells agheir
measurement&vhich wereutilised as the basis for case studjabe study entitledi Fact or s
Affecting 3D Printing Technology Adaptation @ o n s t r (Besklubava i al. 2021yas
consideredThese factors are outlined in Table 10 below.
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Table 10: Factors affecting 3D printing technology adaptation and their measurements

Factor Code

Measurement items

Relative Advantage RA1
(RA)

Optimize and integrate more functionality into compone
structures

RA2 Reduce manpower requirement
RA3 Reduce cost of construction component/structure
RA4 Reduce construction time
RAS Reduce safety hazards
RA6 Reduce product quality problems
Complexity CX1 Computergenerated design process is easy
(CX) CX2 Managing digital constructioprocess and operating 3D print
is easy
CX3 Maintaining 3D printer is easy
Trialability TA1 Improved material usage the properties of which are predic
(TA)
TA2 3D printing product behavior from a lottgrm perspective
(e.g., length of theroduct life cycle)
TA3 Precision of the printed objects is within acceptable tolerar
Compatibility CP1 Suitability of printing variousized conventional desig
(CP) elements for different construction needs
CP2 Compatibility ofconstruction site environment with 3D printit
technology
CP3 Matching available 3D printing materials with tl

characteristics of legacy construction processes

Absorptive capacity AC1
(AC)

AC2
AC3

AC4

AC5

Significant share of company capital expenditdexoted to
R&D (produce, test) and implementation of 3D printi
technology

Major share of employees educated at tertiary level
Knowledge, expertise, talengreativity, and skills of the
company workforce

Increasing collaboration among stakeholders (integrating
crossfunctional team, suppliers, etc.)

Company team attitudes toward 3D printing in general

External pressure EP1 Competitive pressure
(EP) EP2 Lack of technical standards, quality contsthndards an
product certification issues
EP3 Skeptical attitudes/ psychological barriers of consumer
relation to 3D printing technologies and prod
implementations
Uncertainty UC1l Perceived side effects associated withovation.
(UC) UC2 Resistance to environmental influences and failure
exposure to high stress
UC3 Uncertainty in 3D printing technical/economic benefits aris

from regulatory restrictions and isolation of contractors
consultants from onanother
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Factor Code Measurement items

Supplyside SS1 Reducing and/or simplifying construction tasks and neec
benefits pre-assembly/ assembly activities
(SS) SS2 Reducing the need for transportation services

SS3 Reducing the number of suppliers involved danstruction

process

Demandside DS1 Freedom of design and customization of printed componet
benefits no extra cost
(DS) DS2 Faster reaction to changing customer needs

DS3 Production in collaboration with the customer and supplier (
customers integrated in product development)

Source: Spicek 2022, basedBeskluboveet al.2021, 1

The following criteria were used to select the case studies: (1)}l#eesgmple to demonstrate

the applicability of the model in the operating environment; (2) the case studies had to be from
the same country and use comparable pricing strategieb@sdrhe currency; and (3) the data
used in this case study cover a wide range of angles, including material amounts, expense
levels, transportation distances, and volumetric capability. Each of the factors was analysed for
both chosen case studies, andrésilts were presented separately for each case study and then

consolidated in the Conclusions section.

Figure 54: Research methodology (Benchmarking critical success factors)
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Conclusion
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Source:Spicek et al. 2023,.1

The 7step methodology was used in this paper to address the research dtgticabs).

Given that the case study data weldained at different levels of the employee hierarchy,
different approaches were adopted correspondingly. A questionnaire with short and rather
technical questions was developed for the operational level employees. The interview was

conducted with senioexecutives to elicit responses to opamled questions that would
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empower them to express their critical views on the application of 3D printing technBjogy
combining technical and open discussion of the contributing factors, it was made possible to
capture comprehensive project data. Interviews were performed in German and the responses
were afterwards compiled into written form in English. Documents apeérp related to the

case study and accessible in the open source were screened and deeply perused. In developing
the form and preparing for the interviews, for exdéan some technology questions were
eliminated because the specific information could be found in a credible source or was phrased

to corroborate published findings.
7.3  Case study 1 (Beckum) Interview Results
7.3.1 3D printing technology case studpverview information

The initial case study focuses on the 3D printing of a residential building in Beckum
(Germany), with a floor area of 160 square meters, which initially servedeaibition space

with the anticipation to be inhabited by residents before the end of 3D2frinting as a
construction method in this case was incomparably shorter than the specified alternative
example of conventional construction, due to the design's complexity and the project's scope.
Materialamountsand machinery costs are estimated to be in the same range as for conventional
construction, as well as labour cosssipplementary tool® the3D printer were almost not
needed, and the rest of the ding materials were applied in a more traditional way (insulation,
windows, plaster, etc.). The ambition was to achieve free forms that nevertheless have a
function. Therefore, the aim was to build in a mates&ling, sustainable and cheaper way and

to dmplify the entire construction process (due to the established shortage of skilled workers
and a lack of resources in gener&pnsequentlythere was an idet build automatically
autonomouslyand this is something that 3inting ensuresSuch degin and its completeness
would not be feasible with a conventional method of construction. As a result, the customer
has a completely unique, individually designed house.

7.3.2 3D printing technology case studjrelative advantage

It was noted that the waste of materials can certainly be decreased. Design freedom has been
accomplished howeverwith the extra coss. The additional costs foffree design were
drasticallylower than with conventional construction, but free forms anaydlinked with

further costs evenin 3D printing. Improvement was attained in almost all segments/by alll
meange.g.,printing at dam level, leaving the openings free, printing the tub foundation, etc.).
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It was found that it is indeed possible to print in a harsh and aggressive environment. The
manpower requirement has been absolutely reduced, which was the point/background of the
entire topic.As far as reducing the cost of components/structures is concerned, the technology
IS not so advanced nowadays. The costs are still considdrablgr than in conventional
construction (about 20% more expensive in comparison with the conventional construction,
but with the tendency tohange the trendConstructiornperiod was shortened, which is also

one of the most important motives behind this technology, in addition to the reduced need for
workforce. It was necessary to construct a machinery in such manner that it would be safe. In
this case, aextremely large machine that moves avaisinvolved andnaking such a large
machine safeinderstandablyequiresa plenty of effort. Itis alsocrucialto have a relatively
cleanconstructionsite, since acleanconstructionsite denotesa safeconstructionsite The
estimated level of human intervention was therefore roughly 3. As far as quality is concerned,
the standard in Germany is already extremely high. And raising this standard even further is a
tremendous undertaking. It should be gratifying to achieve the same quality, so that should be

thegeneral quality goal in such projects.
7.3.3 3D printing technology case stud{ase of use (complexity)

The computegenerated design process was described as straightforward, and someone
familiar with CAD would have no trouble being successful. Controlling the digital build
process was also not a big issue. Operating the printer itself was relativelp@asyakes
experience to set the material properly. This was not always trivial, particularly when dealing
with different environmental conditions. The maintenance was likewise described as relatively

uncomplicated.
7.3.4 3D printing technology case studyrialability (divisibility)

The properties of the 3Printed material were only partially predictable, as this knowledge is
still not widespread. Different weather conditions (wind, rain, sun, whatever) also played their
part It could simply not be predicted as reliably as with conventional building methods. Since
it is a relatively new technology, there are still many unanswered questions, and there is just
no possibility of retrospective analysis for buildings that haweadly been printedll tests

were carried out in a laborayoenvironment (static analysis, stability and vibration analysis).

The tolerances were definitely met and are within the range of the usual construction tolerances.
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7.3.5 3D printing technology case studZompatibility

Flexibility was undoubtedly existent (at least in the machines used here since they are modular).
The machine used here needed some space around the building, whereas other machines do not
need this kind of spackh.is valuable to note that there will certainly be many diveraehines

for diverse projects in the future, but 3D printing is compatible with different construction sites
globally. Printing standard design elements was said to be financially unviable and completely
senseless for the time beifexcept for research purposes). 3D printed materials can very easily

be compared with their counterparts in traditional construction because, after all, it is merely
concrete. It is safe to say, with some degree of caution, that 3D printing of buildirgjswst

certainly never be profitable without combining it with conventional construction.
7.3.6 3D printing technology case studyAbsorptive capacity

Successive work was done with differe@mpanies and universities, so the calculation of
business investment spent on R&D was not so straightforvirarthis case, most of the
employees had a university degree. A broad scale of expertise was mandatory, e.g., in
mechanical engineering, electrical engineering, civil engineering and materials stieace.

fact that it is an interface technology is also a special feature of 3D priRtimgpermore,
because it is an interface technology, a large and-twossonal team was required@he

project executing company, as a family business, has faith in this technology, otherwise it
would not be undertaking this. In general, the entire company was described as open to
innovation and upheaval. The project holder's resources were there and ready pectl @fs

3D printing from the very beginning.

7.3.7 3D printing technology case stud¥xternal pressure

Market competition pressure was assessed as within normal limits. Nevertheless, it was
concluded that the pressure will surely follow soon, that is undeniable and certaihisasd

the point that does not allow such company, as the sponsor of this venture, to rest. There are
no real technical standards available today particularly for this technology, and that's
simultaneously a positive and a negative aspect. The printing cgnspandesign its own

guality assurance standards, as an instance. Theyoatsound by old standards and can
introduce new materials and corresponding certificati®egptical attitude was depicted as
completelypredictable. For most customers, this is probably the greatest investment of their
lives, so healthy scepticism makes perfect seBbertage of available data on the technical
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and economic benefits of innovation and the constraints imposed by regulations, contractors
and consultants who are insulated from each other are the issues that complicate matters for

the customer somewhdut this as well is absolutely natural for such a young technology.
7.3.8 3D printing technology case studiJncertainties

No substantial side effects linked with the innovation were noted. Innova®every time
positive impact on the imagAnd image, in turn, is essential for acquiring qualified personnel.
Resistance to environmental influences and failure under high siastse assignment that
should always be placed with such projects. Profitamildgalso still an outstanding issue that

must be appropriately proven to customers.
7.3.9 3D printing technology case studgupplyside benefits

Effort on the construction site got much simpler, e.g., for electriciBrsassembly and
assembly activities become lessened as well when printing on the construction site (the
guestion of profitability in this case remains)yhe transportwas not described as
simpler/reduced. It is unlikely that this will change that much. Possibly it will be worse due to
the size of the printer, but this reduces the need to transport material on the othedsithain

of transport and unload, everything was eadiée number of suppliers is not expected to
change drastically. It wilmost likely remain comparatively fixed. In terms of improving
collaboration between stakeholders (architects, engineers, designers, supgibexs,
"improvement” may be the wrong word, but this technology ensures #ibbdcurs sooner.

More in the planning phase and less in the execution phase, respectively.
7.3.10 3D printing technology case studipemandside benefits

Custom production of printed components is one item that is desired by the "margin”, but it is
a relatively narrow itemModifications are therefore always expensive, and the market rarely
demand®xpensive solutiong-his is only ever a niche, regardless of the type of construction.
The "demand" is for faster araheaper, as trivial as that may sound. Faster, cheaper, more

sustainable is the key.
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7.4  Case study? (Berlin) - Interview Results
7.4.1 Traditional construction case stud@verview information

The second case study is a conventionally built residential building in Berlin, Germany, with a
living area of 172 square meters, where the family of the construction manager will be both
landlords and residents of the buildif@ontrasted to the potential substitute (3D printing
technology), about 200 tons of material were spent and the cost of the machines was around
200.0000. Extra tools needed were a bit more expensive than with potential 3D printing, and
building materials were in the same span. Mavgrocosts per day (i@) were likewise in the

same rangeYet, since the first day of planning, nothing other than the conventionabivay
constructionwas ever considered.he potentialproblem identified with 3D printingvas
plastering (to achieve the same aesthetic level), which was not necessary at all with clean sand
limestone blocks used here. The omhterrogativepoint was whether or not to use a
prefabricated concrete staircase, but that was rapidly scrapped because it was pricey and had a
long waiting list.Perceived reliability and durability, good transparency, ease of monitoring
and quality controlvere the describedebefits that client received from using the conventional
construction methodThe ability to make lagninute minor geometry adjustments on site or

"on the fly" and the capability to take parts of the designhtinse" were also rated as
favourable enabler3here was no computaided designing performed. Minor problems were
found related to the maintenance of the machines for the conventional method (e.g., the saw
for the sandime blocks was not well maintained, resulting in excessive dust on the
constructn site until appropriately cleanedyo difficulties wae encountered in managing

the digital construction process, as all planning was done by one individual with extensive

understanding of the process.
7.4.2 Traditional construction case studiRelative advantage

Given that the project was planned in BIM with exact block accuracy, there was practically no
waste in the wall block#\Iso, the excess concrete was not wasted, but used to pour paths that
were later repurposetl.was aimed for "freedom of use" ratliean "freedom of designThere
were no free forms required, but a house was built with almost complete freedom in the
construction of the interior walls. The structure itself has only one staircase and a smaller
internal wall. The freedom to design the space, leaving the rooms or anglsiegpen was

nearly 100%.There was almost no significant construction waste recordetlially no
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partitions providd flexible and interchangeable functioras well. Using conventional
construction methods and building manually means that the building is exposed to the weather
until the shell is completed, and this cannot be avoided, as with almost all methods. The
construction was plannedonsidering the weather conditions and making deyday
alterations if requiré. Most likely, this is armdvantage of building everything by hand, because
with good planning it costs about zero for workers to modify positions or not come the next
day, and in the interim other work could be accomplished (installation, earthworks, insulation,
piping...). Thanks to good communication and weattedated planning, there were no
interruptions in the construction process due to external conditions. Since there were on
average only 2 people on the site and it was a ssoalé site, the componewitreducing the
needfor personnel is not very higlanking since it is not likely to go considerably lowas

for the qualification, it is a job with low qualification but with experiemszded so a 3D
printing procedure would be difficult tbe attractive in this cas@nce the training of the
operator on site would have to be much higher than that of the brickléyleas been noted

that the professionals who advocate conventional construction can still personally dominate for
quite a while in reducing the cost of cooments/structures with proper structural design, but

in largescale projects, it is impractical to perform all the hegid planning correcthA further

hazard that needs to be alleviated is the time taken for design compared to the time taken for
construction. There were a lot of errors that only become visible on the construction site in the
building process. When the structure is optimizedh génerative design and then printed with

3D printers, there must be room for changes and errors. With soro@nele, it can be stated

that the construction time reduction factor is not a major factor in a small project like this, and
the estimated level of human intervention was probbdgl 3 as well. Quality issues were

generally avoided aieduced ima craftymanner
7.4.3 Traditional construction case studizase of use (complexity)

Real computegenerated designs were still described as a field with a high level of proficiency
that even some experts and "common engineers" could not handle. By no means was the
management of the digital construction process eHsy.tools of today and the near future
were described as not being nearly as good as they need to be in terms of "communicating with
each other™” a Bvdn afi'snmgple"eclash fecogniiom dequires a high level of
expertise and knowledge of the project and the various disciplines to be performed correctly.

Conversely, the operation of traditional machines was simple for most people with experience
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in the use of advanced machinery. Maintenance of conventional machines has not continually
been simple, as it can clash with the production schedule, especially when failures arise, and

machines have to be absent for reparation.
7.4.4 Traditional construction case studyrialability (divisibility)

For the case of reinforced concrete and dand blocks, the building material characteristics
were foreseeable. The static tests performed for the forecast of the structural behaviour were
only informal (concrete pours of the additional concrete wereensacdthe side of the paths,
broken with a hammer after 1 day, 3 days and 7 days, just to see if they behave as anticipated

by experience)lhe accuracy of the components built in was totally within adequate tolerances.
7.4.5 Traditional construction case studZompatibility

Flexibility in producing components in different sizes for various construction industry
requests was acknowledged in this project, as well as the compatibility of the site environment
with the machines and the appropriateness of the conventional caastreiementsin this

project, no care was taken, and no care needed, to ensure that the available alternative materials

matched the properties of the old construction methods.
7.4.6 Traditional construction case studpbsorptive capacity

A significant portion of the company's investment in R&D was not included, as all R&D was
performed by theowner Findings revealed low operatives' education but high owner
involvement (supervisor/engineer) in preparatidime owner was characterized as a very
driven and welrounded engineer with leadership skills who knows the processes thoroughly.
Subcontractors were positive about the owner's attention to detail and {blarpred work
schedule. It was comfortable fibrem not to have planning on thpart, and there was no civil
engineer or construction manager in attendance. The competence of the contractor's resources

to fabricate, test, or implement conventional construction techniques was labelled as advanced.
7.4.7 Traditional construction case studigxternal pressure

Virtually no competitive pressure was noted. Technical standards, quality control norms and
product certification issues were also not perceived in private Sengidy house construction.

The detailed and wetlesigned plans and drawings met with a téytel of acceptance overall.
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An information deficit could not be identified. Rather, in this case, the analysis of all this

available information spoke in favour of conventional construction.
7.4.8 Traditional construction case studincertainties

Those involved were initially under the impression that it was easy to prepare a project so well
and that it did not require much expertise and kinaw. This was subsequently characterized

as a misconception. Resilience to environmental conditions dandefander high stress was
defined as not very vigorous, as the conventional method has its own pace and is only impacted
by extreme weather conditions. Uncertainty about the profitability of the conventional method
was described as ambiguous, as it wagely related to price increases due to Ceh8d
Labourcosts were the same as in the contract (distinct from materials).

7.4.9 Traditional construction case stud$upply-side benefits

The reduction and/or simplification of the construction tasks was illustrated as not being
applicabl e. It was planned from the beginninr
implementation. First the method and tools were selected, then the Isatam then the

geometry was planned to match. No-pesembly/assembly actions were involved. Timely
planning and knowledge of logistics and vehicle capacities optimized transportation from the

start. Onsite purchasing also made matters economical.eTWwere only four suppliers: one

for concrete, one for reinforcing steel, one for the wooden structure and one for thiensand

blocks and all other materials. As for the collaboration among the parties involved (architects,
engineers, contractors, suppdieetc.), only the owner (one person) ki&ectcommunication

with all suppliers.
7.4.10 Traditional construction case studipemandside benefits

Custom fabrication of components was described as most likely an insignificant factor in
overall construction costs. A sharper reaction to varying customer needs was barely feasible,
since the client was the planner and construction manager and planb&ckalards down to

the tiniest aspect. This mitigating fact also relates to manufacturing in partnership between the

customer and the supplier (e.g., customer integrated into product development).
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7.5 Case studies in critical success factors analysi®iscussion

In this paper project success factorsxclusivelycreatedor construction projectstilizing 3D
printing technologywere investigatedThey were first studied in one case study -{(®ihted
house- Beckum) and then benchmarked and analysed on another case study, a building
constructed using conventional construction methods {&aedblocks - Berlin). In the
segmenof Relative Advantage, bottonstructionsndicatedanalogousattributesin terms of
construction wasteninimisation reduction oflabour forcerequirementsand regardingthe
possibility to performeven indifficult weather conditions3D construction technology has
demonstrate plusesin free form constructionp@rticularly exterior walls), bubn the other
handit is still roughly30 percent more expensive tr@mventionatonstruction. Therojected
level of human interventiomeededwas Level 3 in bothsituations In both casegjuality
disputes were averted as wéllbnventional constructiomethodproved as expectedguperior
resilience tofaults, while in the case of 3D printintechnologythe designphase must be

virtually flawless

Concerningzase of use (complexityi)y construction o8D printed house, computgenerated
designprocedurewas labelledas simple and somebodywho comprehend$iCAD Pr o gr a mo
would be effective and deprived diifficulties. In theconservativébuilding project, there was

a thoughtprovoking debate about what computegenerated designnvolves and real
computergenerated design was stibfinedas an area a@xcessiv&knowledge thagéven some
specialistand fAor di nary e Hapdlingdigtal sodstructiarnprocedurendso .
likewise not agreateffort for 3D printingmethod but a massiveproblem forconservative
constructiormethod(a moremultifacetedunderstanding of the sameas consideredlIt was
moderately simple toperate th&D printerper se but experience isssentiato fine-tunethe
materialproperly,while the same can leducted dr the operating of traditionahachinery

Thevery sameappliesfor 3D printer /traditionalmachinery maintenance.

3D prining technology material properties, as aomponentof segment Trialability
(divisibility) were just partly predictablesincethat expertiseis still deficient Within typical
constructionmethod in the caseof reinforced concrete and salwhestone blocks, built
material properties werextremelypredictable. The different weather conditions (wind, rain,
sun, whatever) also play a big role in 3D printing. Although it is possible to print in all weather
conditions, i wasmerelynot asconsistentlypredictable as itradtional constructiorpractices

As this is a relatively new technology, there are still many unanswered issues, and there is just
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no possibility of retrospective analysis for already printed buildhges to the lack of reference
projects. The tests werecompletedin a laboratorysetting (static analysis, stability, and
vibration analysis) for 3D printingechnologyand unofficially directly on construction sifer
conventional building Besides,construction olerances wereabsolutelyrespected in both

situations

In areaof Compatibility, the flexibility was undeniablyexisting in both casespnce more
remarking that the procedureis considerablyeasier with 3D printing (due to process
automation).While 3D printing is generally compatible withnumerousconstruction site
settings, it is essential to say that in the future there will certainly be many more unique
machines for various projecD printing of conventionaddesigrcomponentsvasdefinedas
merely economicallyunprofitable andotally inconsequentiafor the time being gxcluding
researchand development objectieslt was stated thaB8D printed materials auld be
benchmarkedncredibly good with their counterparin conventionalconstruction #bove all
theconcrete, but also othexsources With certain reservation, it can be stated that 3D printing

of constructions will never beosteffective without unification with traditional building

methods

On the subject oAbsorptive capacityin the case 08D printed house, it wasollaborated
effectively with severalvarious firms and universities,therefore the sum of company
investment spending committéml R&D is not scstraightforwardIn opposition, by traditional
construction, @onsiderablsplit of the capital expenditure devoted to R&D watually none
sincethe whole R&D was the ownéimselt Most 3D printing workforce had a college degree,
while workers in traditional construction had a lower education I&8&rintingtechnology
project necessitated a comprehensive variety of expertise, such as mechanical engineering,
electrical engineering, construction and materials science, as well as a largéjrecbseal
projectteam.The owneiin traditional construction projewas a veryambitiousandadaptable
engineer that knows the processll. The subcontractorppreciatedis awarenest® detais

and prescheduledvorking plan This reduced the requirement for a planner, a construction
manager, andonstruction supervisiorgufficiencyof execution firmsourcego manufacturg

asses®r executdraditionalbuilding structurewasdepictedasexcellent

Pertain toExternal pressurghe competitive pressure maintainedwithin regularboundaries
in case oB8D printedprojectandvirtually none wa®bservedn traditional construction project

Neverthelessthetensionwill most surely rapidiarrivefor 3D printing technology. MWasalso

141



statedthattoday there are no actual technological standards for 3D printing method which is
simultaneously positive (possibilityf creating individual quality insurance guidelines)d
negative (lack of experience and reference projeths) suspicionlinked with theabsencef

datg professionalguidelinesand quality control in 3D printingproject was described sa
extremelyhigh, but alsochealthful and anticipated In contrast, with traditional construction
method, good preparation and planning, and the knowHaiveoproprietor,the suspicion

effectwas almost nomxistent.

No significant side effects of 3D printing related to innovation were found in the Uncertainty
chapter.Resistance towards environmental influences and resistance to high stress failure is
the challenge that should always be imposed on these typ&® girinting projects.
Unfortunately, profitability is as yet an outstanding concern in 3D printing projects, so it is
essential to demonstrate it adequately to clidits.traditional construction methoahsat its

own tempo and is only impacted by the mostaane of weather conditionsncertainty in the
profitability of traditional constructioonethodwas identified as momentous because it was
largely related to the price increase due to Gd@dThe costs of the work were the same as

in the contract (regardless of the matenhich wasaffected by price increases).

As far as supphside benefits are concerned, 3D printing made work on the construction site a
lot simpler for electricians, iparticular.Preassembly and assembly activities wezduced

when printing directly on site, but the issue of profitability persists in that Tesgsportation

was not described as being made simpler/reducedesit of the 3D printing project. The
guantity of suppliers was also not expected to alter considerdttyeasing” collaboration
amongkey project participantss perhaps théncorrectterm, but thisnoveltechnology ensures

that collaboration occurs sooner Hence more in the planningstage and less in the
implementationstage Whereas, on thether hand, the reduction and/or simplification of
construction tasks was described as not applicable in traditional constrlictias planned

from the very beginning to be reductive and simplistiche case of traditional construction,

no pre-assembly/assembly activities were requik&ell-timed planning and understanding of
logistics and vehicle capabilities improved the trangtionm segmentight from the start.
Buying locally madethis efficient as well Only four suppliers were involvedn terms of
collaboration between stakeholders (architects, engineers, contractors, suppliers, etc.), only the
owner (one individual) had a direct interaction with all the suppliers.
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On the Demandide benefits, custom production of 3D printsamponents is a point of
marginal desirability, thus a relatively minor area of conderoether words, customization is

always expensive, and the marketplace hardly demands expensive. This is always only a niche,
irrespective of the construction stylEhe "demand" i€onstantly forquicker and less costly,

as trivial as thamay seemkaster, cheaper, more sustainatileat is the keyln conventional
construction, custom fabrication of building components has been described as a likely
neglectable conbutor to overall construction costResponding more quickly to changing
customer needs was hardly possible, since the owner was the planner and construction manager
and had planned everything in reverse, down to the tiniest possible Hetashme extenuating

factor is applicable for production in cooperation with the customer and the supplier (e.g.,

customers involved in product development).

A limitation of this study was that only two case studies were conducted, with some non
comparable considerations necessitating deeper andétysisgh several more case8. is
assumed that both projects are reference representatives of their construction method, but
particularly 3D printingprojectas the first house dfs type on German soilfor further

studies, it is recommended to conduct more case studies in other countries around the world
where the benchmarking would be even more rigorous and intriguing. There is also a need to
develop a scale/mechanism for evaluating these factorsaasssadr future investordecision
makingtool on which construction method to select.

7.6  Case studies in critical success factors analysi€onclusion

In this context, the project of 3D printing technology, as a potentially viable alternative to
conventional construction, was confronted in the success factor test with the tangible example
of traditional construction, which was carried out with engineeriexpertise and
innovativeness of the future owneD printing technology has proven beneficial in the
production of fredorm shapes, while accomplishinglmost identical outcomes as
conventional construction in several other fasetsh as material sangs, labour reduction,

and construction waste reductidrhe requirement for human interference was ratdcevel

3 in bothcases3D printing requires a superior level of upfront planning, a more educated
workforce, andmore funding for research and developme@btnversely, conventional
construction method has shown a greater susceptibility to error and a greater ability to adjust
design during the construction pha3de operation and maintenance of the machines is

exemplified as straightforward in both cases, as well as compatibility wittottstructiorsite
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setting.A healthy scepticism can be observed with 3D printing, related to the lack of reference
projects, lack of standards, and comparatively unpredictable material behaviour, since it is a
relatively modern technology. In terms of supply and demand side bertefits discovered

that there are no major discrepancids a next step, it is necessary to develop a
scale/mechanism fappraisingthese factors, which wifprovidea basis for future investors'
decisionmaking tool on what type dfuilding method to choosBlonetheless, it is reasonable

to say that 3D printing of buildings will never be profitable without combining it with

conventional construction.
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8 FEEDBACK FROM PRACTICE ON 3D PRINTING SUCCES
FACTORS

8.1 Feedback from the practice- Introduction

One of the enthusiastic companies seeking broader application of 3D printing techisology
company nanbe,d biafoedderijAeRdsburg(Germany).This company has
already proven itself as one of the most successful 3D pricdinganies (Pistilli 202Q1). Its

roots date back to 1995 with the first successful dispensing of UV resins. As part of a "hidden"
project, the first 3D printing trials were carried out at the Technical University of Munich. In
1996 the project participated in the 1st Munich Business@tampetition and in 1998 the first
patent was granted. In 1998, the first sarudildswere printed at theniversity(voxeljet 2022

1).

Founded with the aim of developing new generative processes for the production of castings
and plasticelements by means of 3D printing, the company was initially operating with four
employees at the Technical University of Munich. The headquarters in Augsburg were
established shortly thereaft@oxeljet2022 1).

8.2 Feedback from the practice- Research methodology

On September 01, 2020, the 1st official visit to the company took [@acthis occasion, the
offices and production facilities of the company were exhibited. Duringmlisthrough the

initial discussion about theoubles challenges, opportunities asttategiedor the feasible
growth of the companyas well aggenerallyaboutthe worldwide expansionof 3D printing
technology took placeThis visit provided a much better awareness of the actual issues
implicated in the planning and implementation of the 3D printing process, which had a
constructive effect for ranking theiprities of the industry issueéfter that, a workshop was
organized with a focus group in which the preliminguestions / assumptions for adaptation

of 3D printing technology in managing construction projestsre debatedpreviously
mentioned 32 assumptionsChapter4.1). Fromtheseoriginated ideasor different projects,
various case studies (within this dissertation and beyond) as well as a valuable interchange of

connections among enthusiasts of this technology.
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8.3  Feedback from the practicei Results

The observed company operates in many industries, including foundries, automotive, reverse
engineering, aerospace, pump and heavy industry, construction and architectural design, art
and design, filmmuseum, etcandit is global premier provider of larg®rmat, highspeed

3D printersas well aon-demand 3D printed parts for industrial and commercial customers
(voxeljet 2022, 1)Components manufactured by using this 3D printing machinery are flying

in space, increasing the efficiency of mobility and#ding the creation of new technical
solutions(voxeljet 2022, 1

Figure 55: Company & Business model multinational tech company commercializing
solutions for additive series production

voxeljet is a multinational tech company commercializing solutions for
additive series production

Long-term relationship with global industry leaders

Size
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Sourcevoxeljet 2022, 1

As of December 2019, they had 188 installed bases for 3D printers, research and development
costs amounted 29%f total revenue, they had more than 420 patents and patent applications
and more than 100,000 printed parts per year (on average), as well as one of the largest additive
manufacturing centres in Europe (voxe}ée2, J.

In a constructiorcontext, recentlythe construction industry has emerged as one of the most
prominent research fields in the areasefvice robotic§Balaguer and Abderrahim 2008,

That said, 3D printing is a relatively new technology that has yet to gain real momentum.
Accordingly,there are many prospects to advance the company in the field of automation and

robotics (additive design, automated design, additive manufactufiligpugh the company,
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asstated abovas one of thgloballeaders in the field of 3D printing, with any new technology

it takes time for the ideas to become reality. Sometimes the robots and machines responsible
for the physical implementation of these ideaanotfollow the ideasof their creators. In this
regard, the company is alreag@yolving numerousinnovative solutions with thegoal of
reproducing the mogirogressivesystems capable of meeting adjustingto therequirements

of clients Similar opportunities exist in the area of producing and discovering new and better
materials, contributing to legislation, training professionals to apply these technologies, etc
However, most actions here, especially in the construction sector, are limited to demonstration
models, pilot projects and spontaneous initiatives by 3D printing ea#itsishtnd research
institutions. Consequently, the critical success factors identified in this dissertation have not
yet been applied in practice. Nevertheless, the feedback from the workshop was quite positive
and it could be deduced that the mentionetitatisuccess factors could be a reliable basis for

the decision on the construction methad well as an explanation of why some construction

projects using 3D printing technology can be considered successful and others not.

Below are several pioneering projects of the company in the field of construction / building
materials:

b
N
%

Source:voxeljet 2022, 1
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Figure 57: The Pillar's New Clothes- How 3D printing of facade elements innovates
modern architecture

Source: voxeljet 2022,.1

Figure 58 The advantages of 3D printing of formwork are proven once again

Source: voxeljet 2022, 1
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Figure 59: Detailed concrete facades with industrial 3D printing: the voxeljet company

stone

Source: voxeljet 2022,
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8.4  Feedback from the practicei Discussion

Visiting the company "voxeljet" offered an insight into the "tangible™ world of 3D printing
technology with all the surrounding contents that are necessary for these opePatidass

of stateof-the-art technology were presented, focusing on the main opportunities, but also
barriers in the implementation of new ideas of the company. As already noted, the company is
one of the leaders in the market, therefore, in most caggsrdhlems could be generalized as
global challenges in the application ofslwomparatively novel technolog®n the one hand,

the need for alternatives is once again evident, due to the aforementioned problems of the
modern construction sector, such as labour shortages, project budget and deadline overruns,
supply chain issues, demand for housing, failure tallbwiline with sustainable goals, and the

like. On the other hand, there is once again an apparent gap in the capabilities of technology,
at least for now, in the form of unrealistic expectations regarding time and gaaliyell as

the obvious lag of the construction sector compared to other induktsbsuld therefore be

noted that these aspirations are not entirely feasible or reachablepatdbat time, but the
tendency of companies such as "voxeljet", as well as other zealots, is to aim in this direction.
Many great pioneering efforts have already been made, both in the construction industry as
well as in all other fields (sand casting, éstment casting, reverse engineering, aerospace,
pump and heavy industry, art and design, film and museum, etc.), to encourage the application
of this technology and make it possible. It is actually a whole new world that represents the
future that the mdet expects in the coming years. The community of 3D printing technology
enthusiasts is still quite narrow; hence it would be interesting to gather as many as possible

specialists from other companiesor t he prof edgiammsdler Dk o wll ®edyg

common goal to contribute to the development and implementation of this expertse.
critical success factors outlined in this thesis could definitely serve as a tool to better understand
why some of these projects are successful and others asndowhat factors drive potential
investors to choose or not choose this construction method.

8.5 Feedback from the practicei Conclusion

Touring the company provided an invaluable experience that gave a glimpse into the power,
scale and worth of this key player in the 3D printing technology marketworkshop / expert
discussion led by the marketing director proved to be a genuine platform for discussion of
current topics on the global scal&he subjectswere exceptionally diverse, including

advantages, disadvantages, opportunitibstacles, and recommendatidasthe future work
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of the companyitself as well agndirectly of the futureadvancemendf the entiretechnology

in general.Nevertheless, there are still many unexplored cornergtbhaide an opportunity

for further research and most crucial of all, as with most new technologies, to bridge the gap
between research ideas and practical implementation. This is a tedious process that must
involve experts from all areas of 3D printinghaology. Only more 3D printing implies greater
standardization of the process, less expensive and easier printing, and the establishment of
regulatory bodies that are ready to transform enthusiasts' ideas into successful Ventioeds.
success factorsould play an essential role here, as they determine when construction projects
using 3D printing technology will be successful and when they will not. Consequently, their
understanding and application could be a crucial aspect when choosing a constratttamoh

Given their existing negligence in practical applications, thuimre utilization represents an

anticipated scenario.
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9 DISSCUSION

The purpose of this chapter is to elucidate the position, significance, and consequence of the
findings of this thesis. These outconaediscussed with the objective of initiating scientific

brainstorming in the area of project management associated with this research.

It has already been mentioned several times that the construction sector is lagging behind other
industries in many areas, which in this instance is clearly visible in the area of both robotization
and automation. Moreover, today's construction sectoaught with shortcomings, such as
project deadlines and budgets not being met, lack of skilled labor, increased demand for
housing, expensive construction costs, insufficient quality and risk management in construction

projects,poor waste managemetack of sustainable aspects, etc.

3D printing technology as a potential solution to the above problemsbeengaining
momentumin third decade of the 2century despite the fact that it is still mostly limited to

pilot projects,demamstrationmodels and projectill in the design phas&herefore, the main

focus of this dissertation was to investigate why this is the case and what factors/aspects will
determine the success or failure of construction projects utilizing 3D printing technology. The
individual responses to this complenesgtion arepresentedelow throughthe lens of each

supplementatesearch question, and the conclusions themregummarized in Chaptedl

MRQ: AWhat are the criti c adusing fitute)oof 3D printng ensur
technology in construction project applicat:i

Methodological tools, i.e., analysis of conceptual theafdsnovationadoption delineated
the key success factors of construction projects using 3D printing teclasoldbese practical
factors includel) Relative advantag@) Ease of use (complexity3) Trialability (divisibility),
4) Compatibility,5) Absorptive capacity§) External pressurd)) Uncertainties8) Supply-side
benefits an®) Demandside benefits.

Some other drivers that may affect the feasibility of3beprintingproject are also identified,
such asl) Ehical issues2) Changing roles and responsibilities of the project team members
as well aghe 3) Process of obtaining a building permit

Given theimportance oSustainable construction, the impact dimensions that should allow 3D

printing technology in construction projects to meet the criterigfi@dnstruction 5.0
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paradigm were establishedas: 1) Increased Environmental Sustainabiliseducing CO2
emissions carbon footprint energy consumptignwater use construction time waste
generatiorand wsing local materia)s 2) Increased Construction Safetgducing biological
chemica) ergonomic, psychosociahdphysicalhazardsas well as reducing mental fatigue of
workers) 3) Increased Compatibility Technology(compatibility with 10T, Big Datg BIM,
Cloud ComputingndArtificial Intelligence) and4) Increased Resiliendeesilience for natural
hazardsresilience by CybeBecurity challenges and vulnerabilitpbustnessresourcefulness

rapid recovenand edundancy

All of these determinants, which to some extent govern the success and feasibility of a
construction project, mighpotentially help guidgroject manageéschoice of construction
means andnethod. Understanding them is crucial to minimithe risksof introducing new

technologies

SRQI AWhat are the impacts on construction project management by disalptive
technology as 3D printings?

It was shown that the impact 8D printingon project management in the construction sector

is complex, andhis technologywill have arinfluence on the role of the project managdre
requirement®f the procedure for obtaining a construction permit will change. The importance
and scope of the roles, responsibilities, and interactions of key stakehwitters cross
functional team#n such projects will become more relevaptoject success factorglated to

3D printing technologywill be important n determiningviable construction methodsAll
activities where changes are to be anticipated due to the special nature of 3D printing projects,
are to a certain extenpart of the project managdsr job description.The organizational
structure and management must keep pace with the development of new technolmies.
competency model and updates for all key roles in the preparation and construction related
activities need to be fully addressed. As a result, project management methods in the
construction industry need to beadjusted and refreshéd meet the demands of new

technology.

SRQ2ZiHow can these Iimpacts be addressed [ i
economiprofitability, quality, and safety of

Based on literature research, varictgaracterise®f construction projects involving 3D

printing technology, and relevant practical experience, it can be concluded that the right way
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to look at these impacts is to research futigh understand diverse factors contributing to the
success or failure of construction projects utilizing 3D printing technology, as well as to take
the right actions and/or countermeasures. This involved examining how the success factors of
such projects arehaped within the context ol) Relative advantage, 2) Ease of use
(complexity), 3) Trialability (divisibility), 4) Compatibility, 5) Absorptive capacity, 6) External
pressure, 7) Uncertainties, 8upply-side benefits and 9) Demasitie benefitsConsidering

the novelty of the 3D printing technology, it was important to test the same factors in the
context of traditional construction projects, where many parallels can be drawn when it comes

to the success or failure of the project.

Due to a scarcity of relevant studies, a similar situation applies in the area of ethical challenges,
changing roles and responsibilities of project participants, as well as the process of obtaining a
building permit for 3D printed project$he only possible way to gain knowledge is to draw

parallels and then search for specifics compared to more traditional construction.

Assuming that economic profitability, quality and safety are part of sustainability ideas, it can
be said that the attitude of all these factors is an important element in the realization of the
fiConstruction 5.0 paradigm.Both the termfiConstruction 5.0 and 3D printing technology

itself are relatively new notions compared to traditional construcAdso, any innovation
comes with certain unknownsew regulations, changing job responsibilitiesl scepticism
Therefore, aly by being aware of these factors and their implicat@msvell as having
reliable measuring instrument for theinis possible to determine the construction method in
advance and create a trustworthy decisi@king tool in the case of a dilemma regarding the
best construction thnique.

Project organization structure:

SRQ3fiwWhat has been discovered to date about t
key participants in construction projects ut

Theresearcltonducted has shown thhere is a lack of existing body of research on the impact
of 3D printing technology on the roles and responsibilities within the organizational structure
of a construction project. As practitioners work on 3D pilot projects, they are gathering the
initial insights that validate the necessity of parallel project managetegalopmenas well

as organizationavolution along with the new technology.
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Numerous project management standards and/ or

as laws andregulations of individual countries, were dissected to identify the roles,
responsibilities, and interactions of key stakeholders in the organizational structure of

construction projects.

However, these examples predominantly refer to more conventional construction methods.
Given this apparendeficiency of research, many equivalents from traditional construction
projects have been drawn upao explain potential alterations in roles, responsibilities, and

interactions among stakeholders in construction projects incorporating 3D printing technology.

SRQ4: i1 Wh a 't conclusions can be substantiated
interactions of key participants in projects involving 3D printing technology linked to the

conventional construction model ?0

The research acknowledged that the identified roles (owner, project manager, surveyor, civil
engineer, contractor) will remain key on projects using this new technology. That said, it is
reasonable to assume that the new technology will affect their vesponsibilities, as well

as competencies. Evidence from the related case studies demonstrates that the primary impact
of the new technology will be on design, supply chain, and quality, which means that project
management will be required to coordinatéeguation, scope, procurement, risk, and
stakeholder management responsibilities and processes. In tandem, there is alfmiades!
assumption that the new technology could have a positive impact @inaihé¢riangled formed

by time, cost, and quality.

3D printing technology will lead to a new perception of reality with fewer people and more
skills, which will greatly impact the project manager. Typically, a project manager takes on a
coordinating function, shaped by both expectations and realitieboaed in by stakeholders

and processes. Within such a framewadtrks assumedhat thecomplexities of the job will

grow despitefewer workers in the field. Processes will evolve and the stakeholder set will
expand to embrace new specialists and require new interactions between pasiéekhod
off-site activities. Delivery criteria pressures from manage@adiron triangle will also
increase due to expectations of newehnology. That must be managed with precision by a

more organized and effective structure in the project.

It will be interesting to see how all these drivers will influence human resource management in

projectsi a potent area of influence, as behind every human endeavour and outcome there are
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invariably particular people as well as their skills. It is clear that moving some of the activities
from construction sites to industrial facilities will have a positive outcome in solving the

construction manpower deficit problem, notably in developea@mies/countries.

SRQ5iDo existing project management met hods/

modi fied to this comparatively innovative te

It can beassumedhat project management professionals will be confronted with new set of
challenges, specifically in the fields of integration, scope, risk and stakeholder management.
Particular focus should be given to the competency model and its actualization éyrralids

during the preparation and building procesdes.this way, it is expected that project
management methods focused on construction projects will neednodiked andupgraded

This scenario also highlights the inadequacy dfifay the existing and outdated organizational
paradigm, given all the specifics that this new technology brihigsecessary to think beyond

the traditional organizational structure and to adapt the role of the project manager even more

significantly.

fiConstruction 5.6

SRQ6:Al s 3D printing technol ogy AConstriciion®6 wi t h

paradi gm?o0

It is certainly evident in the predominant number of answers within this small sample that the
mentioned aspects are either not identified or that there is no distinction to be drawn between
construction projects that implement 3D printing technology amalventional building
techniques. Yet, among the aspects under consideration, 3D printing technology was
acknowledged to be at least moderately superior to that of more common construction methods
in practically all regards, which is particularly evidenttive impact dimension entitled

flncreased Environmental Sustainability (ES).

In view of these preliminary observations, it can be stated that 3D printing techhalfdgy

the AConstruction 5.0 paradigmcriterion. The very fact that 3D printing technology has
proven to be particularly viable in the field of sustainable construction shows that its extensive
application, together with the standardization of processes, could be a positive response to the
current problens evident in all three pillars of sustainability (environmental, social and

economic).
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SRQ7:A Wh a 't are the 1implications of 3D printi

fAConstruction 5.6? 0

The model propounded in this research encompasses a large number of impact components,
which are narrowed down to 4 impact dimensions to allow for easy clustering and/or consistent
organization of analysis. Proposed impact dimension that incl)diesreased Environmental
Sustainability,2) Increased Construction Safe§) | ncr eased Compatibil it
and 4) Increased Resilience, define the criteria of the con@€pnstruction 5.0 in their

individual manner.

It can be assertethat in every one of these impact dimensions (where impact is being
addressed), 3D printing technology is meeting the criteridCohstruction 5.0 and in that
way s helping to shape a more sustainable future of construthatrisso much desiredMore
particularly, through the prism of the hume@ntred approach and hurmabot collaboration,
humans will be able to maximize their creative and inventive potential, while robots will
perform dry, repetitive, and even very complicatesks by means of automatidhis a type

of win-win situation in which the current problems of the construction industry are solved
through the use of new technologies, but also the sustainability issues, for which the

construction industry and its traditional methods are a very imgoregative contributor.

Benchmarking critical success factors:

SRQ8AiHow are this success factors applicabl e

and how these same factors behave in the conrn

For the most part, research on the adoption of 3DP technology in construction disregards the
widely accepted theories of technology acceptance as compared to industry standards of
practice. Because of this, factors from the aforementioned theories obltephadoption

were assessed to validate their consistency and provide a list of factors that impact the

adoption of 3D printing technology in construction projects.

It was established that these factorsigrRelative advantage, 2) Ease of use (complexity), 3)
Trialability (divisibility), 4) Compatibility, 5) Absorptive capacity, 6) External pressure, 7)
Uncertainties, 8) Supplgide benefits and 9) Demasdatle benefitsThe dilemmaarose as to
their applicability and compatibilifywhere a potentially usefainalogy of their behaviour in
more traditional construction projects was identifi€derefore, he project involving 3D
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printing technology was contrasted with a #i#alinstance of conventional construction in a
review of the success factors defined specifically for construction projects using 3D printing

technology.

In both cases, the factors mentioned are identified as being tangible, relevant, applicable, and
research worthy. 3D printing technology has been shown to be useful-inriree
manufacturing, while achieving nearly identical results to traditional carnistinun multiple
other facets, such as material reduction, workforce reduction, and construction waste
minimization. Human intervention requirements in both cases were evaluated as. B&vel 3
printing demands a more extensive amount ofgteening, moreadvanced labour trainings,

as well as more resources for R&D. In contrast, traditional building demonstrates a higher
tolerance to error and a stronger capacity to accommodate design modifications during the
build process. Machine operation and servigimgoth cases proves straightforward, as well
as compatibility with orsite constraints. As for 3D printing, a healthy scepticism can be
noted, associated with the absence of benchmark projects, the unavailability of norms, and
unforeseeable performanceaainstructiomrmaterias. In terms of supply and demand side

benefits, there were no significanffdrenceshighlightedwithin these case studies

The contents of the papers reviewed in this research do not include practical case studies
from which to draw findings. This gap for construction projects using 3D printing technology
was present in the area of obtaining a building permit, the roles sgmohsgbilities of key

project stakeholders, the measurement criteria of "Construction 5.0", as well as testing
success factors compared to traditional projects.” Througklisertationinsight is

provided into how 3D printing success factbehave in a reakorld construction project

scenario.
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10 ASSUMPTIONS AND LIMITATIONS / REST RICTIONS OF
THE PRESENTED RESEARCH

This chapteexplainsthe most cruciaassumptiongimitations and restrictions of thithesis.
Each of these premises cfarified on the basis of the correspondin@in segment of the

researci{Chapter.1 8.).

In looking at the adoption of 3D printing in the construction industry, the initial place to begin
was to explore different theories about the application of such advanced technology. In order
to do this, a literature review was undertaken that includadh@er of different theories that

have been tested in the areas of information technology (IT) adoption, environmental
technologies, and industrial innovation research as potential avenues for drawing parallels to
this innovative technologyl herefore, thdirst assumption was that these theories are worth
researching and that the conclusions obtained from them for other branches of industry can be
potentially applicable in determining the critical success factors of construction projects that
use 3D printng technologyAlso, since the majority of the research in general hesstly
identified examples where 3D printing technology is only being used fopbatibtyping and

demo modes,tiwas assumed thaome ofthe earlier mentioned theories of technology
adoption (SCT, TPB, and TRA) are difficult to examine at this fairly young phase of 3D
printing technology evolutionThus these same theories were per se limited and to a large
extent ignored in further researéfhe most importangenerallimitation refers to the lack of
studies that provide theories for defining success factors for construction projects involving 3D
printing technology, where the aforentiened conclusions from other areas of the business
were necessary. In addition, the time limit in this case was a period of one year due to the

progression of the articles which were based on these theories.

With the aim of contributing to the establishment afegisionmakingtool when choosing a
construction method, 32 differembtionswere definedd check the usability of success factors.
Accordingly, it can be said that each of those 32 statements accurately represents the
assumptions of thepfrontpart of the research within this dissertation.

In the part of the research dealing with building regulations for projects using 3D printing
technology, the main assumption was that these two examples would provide a clearer picture
of the current attitude of city institutions towards such projectaiedisas a possible indicator
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of inexperience with these types of situations. It was also assumed that cities will face problems
and ambiguities when issuing building permits for the construction of similar projects.

In examining ethical issues during the upfront research, the most important assumption was
that parallels can be drawn with other industries (e.g., medicine) based only on the lack of
reference research in construction projects that use 3D printing tegiinol

The formation of 32 theses was logically limited to the conceptual theories already mentioned.
Hence, the esearch into thdactors that influence the success or failure of 3D printed
construction projects was also limited to these 32 statements.

The most important limitation of the building regulation part was the selection of only two case
studies from only two cities / two countries. Already at the beginning it can be stated that case
studies in other countries and even in other cities withoratizr and Germany could show quite
different results, and thus exceptions to these conclusions are potentially possible. The
limitation of the ethical part of the research was primarily related to the limited research time
of 3 months and the restriction the review of the literature, as these conclusions in this form

were necessary for the continuation of the main research.

The primarygeneralassumption of this research is that 3D printing is an upcoming trend that
will be embraced by the construction industry and will provide the anticipated advantages to
the project participants, in particular, a more efficient and effective operation irh whic
increased value will be generatdtierefore, it waalsoassumed that the roles, responsibilities
and relationships within @roject team participants of the construction projestisig 3D
printing technologyare worth investigatingl he limitations of the results emerge from the fact
that they were collected only three cases where 3D printing wagspliedin the early stage
where these projects can be freely described as pilot projakeswvise, when drawing
conclusionsthere was also a restriction on other industrial secginse theresian evident

lack of scientific articles dealing with project organization within construction projects with
the application of 3D printing technology.

In anotherpart of the research, it was assumed that the principles and fundamentals of 3D
printing technology in construction projects can meet the concepts of théQemstruction

5.00. Therefore, it was logicallperceivedhat 3D printing technology can be aligned with the
fiSustainable Development Gaadnd is potentially a technology that contributes to achieving
more sustainable building generalDue to the aforementioned problem of the construction
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sector lagging behind other sectors in terms of automation and robotics, the conclusions are
largely limited to conclusions drawn from the larger concept céliedustry 5.@. Another
limitation is that only éur case studies were used here (all of which were largely in the pilot
phase), so again it is to be expected that the results could vary when drawn from other projects,

in other countries, and at other stages of project implementation.

An obvious shortcoming that limits the generalizability of the conclusiodenchmarking
construction methods that the study includes only two construction projects in the same
country as well as the fact that two buildings of almost the same size and style were studied.
To use this illustratively, 3D printing could be of more significant value for smallttimhys,

or for buildings in dissimilar countries, and so on. It is assumed that both projects are typical
representative of their construction methosigegifically 3D printing as the firspermitted
building achieved through construction project utilizBD printing technologywithin the

Germany.

When gathering feedback from the practitee main assumption was that the company in
guestion is a true representative of the developments of this technology on a global level. The
companys expertise and positive references conditioned the assumption that the practical state
of this new technology, which may not always fully correspond to the academic state, can be
seen on their example. Based on these assumptions, practical problemssi@vttechnology

were defined.

The main limitation was the fact that it is only one company whose conclusion may vary when
compared with the findings of other similar companies. Moreovemekiemajor limitation

was the fact that, as it has already been seen several times, the constructicalsedeior
behind other industrialoranches €.g., metallurgy) within the observed company, aheé
restrictionof construction projects that use 3D printing technology is mainly reduced to pilot
projects or projects in the initial phase of implementafidre success factors of construction
projects using 3D printing technology defined in this thesis were also largely neglected in this
realworld example Likewise, most efforts in terms of selecting construction methods and
promoting 3D printing have been limited to smlitiated attempts by enthusiasts and research
institutions. Therefore, future understanding of the role of these factors could be key to
standardizing the process and controlling the conditions under which the development of such

construction projects occurs.
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11 CONCLUSION

The use of 3D printing technology can provide numerous environmental advantages, such as
lower material and energy consumptjam-site production with lower resource requirements

and reducegreenhouse gasmissions throughout thmuiilt product life cyclevhen @mpared

with more conventional construction methods. 3D printing technology encourages
transformations in work patterns, encompassing a safer work environaneltiglping to

achieve digitallyenabled and localized supply chaifsr om an ar chi t, 8@t 6s p
printing technology has the potential to accelerate design and engineeliverydand to

enable customization of products that\aedl suited to clientequirementslt also enables the

implementation of compledesign intentsis well as simplepiloting of design alterations.

Although this technology is both potentially superior and more sustainable than traditional
construction, it hasotreached full maturity as of yetor this technology to fully blossom and

to shift the focus from demmatrationmodels and pilot projects tmoretangible construction
projects, there isaeed for process standardizatiangell asan answer to the question of what
makes construction projects using 3D printing technology successiiusoccessfullhe issue

arose as to why, despite the advantages offered by this technology, its adoption in construction
projects is still underrepresented as well as how understanding the success factor can help

facilitate the decision to embrace 3D technology as ataation method.

Literature researchanalysinginnovationAdaptation theorieand a total of 11 case studies
were used to search for an answer to this phenom&wmrsequently, it was important to
examine the impact of this disruptive technology on project managentesre the necessity

of modern project management methodologies aedewal of the organizational structure of
the projects was notedn the course of the literature review, it was found that these

implications will bealsomanifested irsome other related areas of construction projects.

The exampleselectedand later elaborated in this dissertation provide detdisdriptionof
constructionlegal matters ethical andpolicy issuesin such projects, changedroles and
responsibilities of key project participarts well as other examples that indirectlydoectly
determine the success of projects and thus the selection of the construction method to be used
in the future projectd-urthermore, theontributionof 3D printing technology adoptiao the

concept of AConstruction 5.6, which combinesindustry 4.0 conceptvith sustainable

development goalsvasdiscussed.
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Architectural preservation policissues such as the renovation of historic buildings and
monuments using 3D printing technology will also be an important consideration when
choosing a construction method. In addition, obtaining building peimitght of scepticism

of decisionmakers(city administration)will need to be clarified in order twormalise the use

of 3D printingin constructionCurrently, the main problemscludethe lack ofconstruction
material standardization forD3printing, the lack oftraining by building and design code

implementersandlow levels of relevant technical expertise.

Based on various conceptual theories and 32 different assumptions about potentially important
dimensions of influence on the success of 3D technology adaptation in construction projects,
critical success factors were definéd. elaborated in this dissertatiohgtmain factors for the
success a3D printing projectsnclude:1) Relative advantage comparison with conventional
construction methods in a given project scen&@jdcase of use (complexity®) Trialability
(divisibility ), 4) Compatibility, 5) Absorptive capacity6) External pressure’) Uncertainties

8) Supplyside benefitand9) Demandside benefitsTheir meaning and feasibility, as well as

the need for their further examination, were demonstrated through case studies, even in a

setting where they were compared with more traditional construction techniques.

There wasa lack of prior research on #roles and responsibilities of participants
construction projects using 3D printing technology, some of theconclusionsrefer to
pamllels with traditional constructiorrrom the case studieswiis concludethat 3D printing
technology willlikely alter theroles and responsibilities of kgyojectparticipants, affecting

their competenciesind skills,necessitating them to change. It will also be necessary to adapt
the existing project organization to the specifics of construction projects using 3D printing
technology.The role of the project anager will require significant adjustments, new set of
skills, differentor upgraded competencies, and more attention to the quality, deadlines and

budget of such projects.

By enabling humans and robots to work together and taking advantage of automation, 3D
printing technology is expected to help put humans at the cerdteenfionandallow them to

better realize their creativityAs a resultof the humarrobot collaborationpnewdimensions of
impact have emerged, each in its own way demonstratingsiectsn which 3D printing
technology is expected to meet the criteriafi@fonstruction 5.0 and thus contribute to more

sustainable constructiorsolving problems in theonstruction sector itself, concurrently,
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would contribute to a broadpicture of addressing sustainable issues of the present, expressed

in the environmental, social, and economic conception of sustainability.

The adoption of 3D printing technology as a construction methibde successfubnly in

the presence of predetermined conditidrtse already mentionedecessary factors for

success includd) Relative advantag®) Complexity 3) Trialability, 4) Compatibility, 5)
Absorptive capacity6) Externalpressure?) Uncertainty 8) Supply-side benefiteand9)
Demandside benefitsUnderstanding and considering them could provide standardization of
the process, while having more positive examples directlyibatgs to an easier decision to

choose a construction method in favour of 3D printing technology.

The choice obptimal construction means and methadswell as the factors that lead to the
success or failure of projects is a rather complex isgDeprinting technology has shown a
advantage inenhancedfreedom of design and frderm execution capabilities, greater
requirement for specialized personnel (but less manpower), greater R&D expenditures and with
reasonable scepticismelated tolack of benchmarkprojects. Conventional construction
methods on the other handyre less pronto errorsand omssionsand offer greater ability to
improvise during ongoingrojects The need for human interventi@guipmenmaintenance,

and the benefitef supply-sideand &mandsidewereanalogous in both casess shown in

this research3D printing technology wilhot be fully viable unless it is combineuth more

traditional construction methods.

Based on the practical example from ttesen 3D printingcompany observed, it became
apparent that there are plenty of unresearched angles that offer an opportunity for further
researctand, above all, as with most emerging technologies, to bridge the gap from research
inspiration to implementation in practicBonsideration of the success factor as an important

process in the selection of construction techniques is an important step along this path.

To bridge the gap between presented research results and their implementatmmyterm
procesghat must include expertise fromultiple experts involved i8D printing technology
developmentMore 3D printing willlead tostandardization of the processssnpler andess
expensivarinting techniquesstablishedoles and responsibilities of project stakeholders, as
well as establishmentof regulatory bodies to transform threnceptsof 3D printing to
successful projectdVhen these prerequisites are ymewill be possible to better grasp 3D

technology in the context of the decisioraking tool when selecting adequate construction
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techniqueThese steps are therefore importanthe adaptation of any innovative technology.
The wnderstanding of the critical success facteils play a role in this transformatioModern
project managers with adequadteowledgeand skills are also an indispensable part of this

evolution.

Future research will involve similar investigations in the contexts of different construction
projects, conducted with the use of different materials and in different geographic locations.
This will enable to further validate the relevance of the sudees$srs identified in the

currently completed work.
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12 CONTRIBUTIONS TO THE BODY OF NEW KNOWLEDGE

This chapter outlines the implications of this dissertation for the scientific community and
practice. In addition to providing a brief explanation of the research problem that preceded the
ideas of this dissertation, the major discoveries are explaimedlifie perspective of expanding

the fibody of knowledge. In addition, the contribution to th@ractical worla is presented,

which is in urgent need of mechanisms to bridge the gaps between scientific research and its

practical application.

Recommendations for further researk also provided subsequently. Theye founded on

the results of this research and will encourage new researchers to continue and enrich it, by
pursuing further scientific research from their point of viewewise, d the very end of this
chapter, recommendations for applying the lessons learned in this thesisntontdadractical

examplesarehighlighted, with the goal dhspiringthe field ofappliedexpertise
12.1 Contribution to the knowledge

In a setting where 3D printing could be a better, faster, more economical and environmentally
friendly alternative to traditional construction, we are witnessing insufficient momentum of the
technology and an insufficient adaptation rate of 3D printingrtelogy in construction
projects. Therefore, the intended contribution to the sci@raalsopracticg of this research

was principally in establishment of the knowledgganization framework, including a
consideration of technical and economic deaisioteria for the use of 3D printing technology

In construction projects, and in the exposition of the types of data to be delivered for decision
making on a cashy-case approach.

In designing the relevant and observable success factoes,sanablylong list of positive
statementand/orhypotheses was established that advocate the use of 3D printing technology
in construction projects. Each of these hypotheses was analysed in detail through case studies
and contributes to the overall knowledge base with concrete and tangible examplaslySi

the importance of ethical issues in construction projects using 3D printing technology has been
highlighted as well as a relifie exampés of obtaining a building permit for such projects was

analysed.

There is a great need falefining building codes and regulations, and some jurisdictions

already have such initiatives in progress. However, since there are very few specific examples,
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this thesis contributes to potential investors by providing a list of possible barriers for all
segments of project documentation required to obtain construction permits for projects that

involve 3D printing technology.

In the area of roles, responsibilities and interactions of key project participants within the
project organization of construction projects using 3D printing technology, the example of 3
specific case studies was also used to show how roles and responsibilities will change, and it
has contributed to the knowledge base by highlighting the neechp ek role of project
managers and their competencies, as well as to transform the project organization itself in

comparison to traditional construction projects.

Using the concept ofiConstruction 5.0 as an inspiration, 3D printing technology was
presented in terms of a potentially more environmentally friendly technology, i.e., a technology
that better meets sustainable development goals. It contributeditdaimaation basen this
phenomenon by opening up a rather new field of research, given the lack of relevant studies
linking 3D printing technology to this relatively new concept, i.e. the latest phase of the

industrial revolution.

The part of the thesis devoted to the analysis of the critical success factors and comparison of
their specifics with the example of the traditional construction method contributes to the
scientific basewith two case studies, since such concrete examples are largely lacking at
present. In these examples, the observed success factors were confirmed as both practical and
meriting research anthe indication of their importancis providedregarding decisionrothe

construction method to be used in the con@agstruction projects.
12.2  New contributions to practice in construction project management

Using the correct andredible decisionmaking tools for the application of 3D printing
technology in construction projects, the aim was to participate in the creation of a catalogue of
successful solutions/practices of 3D printing technology in the management of construction
projects. Additionally, the goal was to contribute to the improvement of productivity and the
minimization of waste with the right implementation of 3D printing technology in the

management of construction projects.

An analysis of a company specializing in 3D printing technology confirmed that the
construction sector has a lot of catching up to do compared to other industries as well as noted
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a large gap between research ideas and implementation in the practice. In terms of realization,
the technology is relatively limited to demsirationmodels and pilot projects, at least in the
construction sector. An important contribution is the conclusion that standardization of all
processes is necessary to overcome this profdlaim.is only possible by first comprehending

the performance of the critical success factors of construction projects that use 3D printing
technology Also because of a certasgepticism of future investors towards the advantages of

3D printing technology, the aim of this thesis was to contribute tcathiestmentof risk
evaluation procedures when managing construction pragegtsmentedy use of3D printing
technology.This understanding of potential risks should contribute to the minimization of

unknownsas well asasier definition of measures to respond to problems.
12.3 Recommendations for future research

Each construction project is individual and has its own peculiarities. In line with the main
limitation of this research, namely the relatively small number of case studies, the main
recommendation would be to extend the testing of the usability of tmeedefuccess factors

to more projects, more different countriesth different phases of project implementation as

well as different building dimensions.

In the area of roles and responsibilities of key stakeholders in construction projects using 3D
printing technology, significant consideration should be given to the competency model and its
refreshment for all key roles during the preparatory and buildiagses. In future, as new
technologies require a new organizational paradigm, or at least an adaptation or conversion of
the pre-existing paradigm, it would be necessary to do much more research on this specific
issue. In the same manner, it is anticipated that extensions of project management
methodologies targeted to construction projects will need to be also modified ang kept

date Therefore, these suggested subtopics are highly encouraged for the future studies.

The example of thé&Construction 5.0 part of the research is of a similar natufer a more
robust validation, a wider scale of observed examples is needed, as well as a more explicit
specification of the goals of thf&onstruction 5.0 framework from an overarching point of

view. This should be the basis for further research on this topic.

Consequently, based on the example of the analysis of critical success factors of construction

projects utilizing 3D printing technology, the recommendation for any further study is to
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undertake a greater number of case studies in different locations across the world, making the
benchmarking even more critical and more relevant. In addition, there is a need to establish a
scale/mechanism for rating these factors as a definite foundatituture investor8decision

process on which construction method to choose.
12.4 Recommendations for practical application

In view of the identified discrepancy between scientific articles and the insufficient application

in practice,i.e., application limited to demuwstration models and pilot projects, the most
important recommendation is the harmonization of all procedures that enable more secure and
more transparent 3D printing in construction projects. As in many other areas, the construction
sector isdeficientcompared to other industries, and it is recommended to draw parallels to
positive examples from other sectors. The only way standardization will happen is if there is
more 3D printing and a greater number of completed tangible projects. On the othex hand,
greater number of projects using 3D printing technology is only possible if the factors that
determine the success or failure of such a project are addressed properly and if there are
mechanisms for their application and/or countermeasurestefohe the main area of
application of this research is to create a reliable tool for decision making in choosing the
degree of 3D printing technology adoption in construction proj8cish a tool is only possible

if the factors that determine the success or failure of these types of projeqpiopedy
analyzedandunderstooadtompletely This is a necessary step for their application in practice.

169



10.

13 CITED LITERATURE

Abdul-Rahman, Hamzah, Chen Wang and Xiang Wen Yap. 20a@. professional
ethics impact construction quality: Perception and evidence in a fast developing
economy Scientific Research and Essays 5 (23):33429. Available at:
http://www.academicjournals.org/SRE

Accelerate Learning Community. 20How to Conduct a Literature Searchvailable
at.  https://accelerate.uofuhealth.utah.edu/improvementtioesonducta-literature
search(17" Juli 2021).

Adetunji, Israel , Andrew D. F. Price and Paul Fleming. 2@@Bieving sustainability
in the construction supply chaifroceedings of the Institution of Civil Engineers
Engineering Sustainability 61 (3): 1472 (13" May 2015).

A g u-3uar? Isolda, Andrei Jipa and Guillaume Habert. 20E@vironmental
assessment of muftinctional building elements constructed with digital fabrication

techniquesThe International Journal of Life Cycle Assessment 24:10239.

Ajzen, I. 1991.The theory of planned behavior. Organizational Behavior and Human
Decision Processeg&lsevier50 (2):179211.

Akintoye, Akintola, George Mcintosh and Eamon Fitzgerald. 2808urvey of supply
chain collaboration and management in the WKnstruction industry.European

Journal of Purchasing & Supply Management-@):359168.

Alali, B. and Pinto A. 2009.Project, systems and risk management processes

interactions Management of Engineering & Technology. Portland.

Anderson, Dan R. and Kenneth E. Anderson 2@iftainability Risk Management.

Risk Management and Insurance Review 12 (1325

Arts, Joep W.C., Ruud T. Frambach and Tammo H.A. Bijmolt. 2GEheralizations
on consumer innovation adoption: A mataalysis on drivers of intention and

behavior.International Journal of Research in Marketing 28 (2):134.

Arvanitis, Spyros and Heinz Hollenste2001.The Determinants Of The Adoption Of
Advanced Manufacturing Technolodggconomics of Innovation and New Technology
10 (5):377414. Available athttp://dx.doi.org/10.1080/10438590100000015

170


http://www.academicjournals.org/SRE
https://accelerate.uofuhealth.utah.edu/improvement/how-to-conduct-a-literature-search
https://accelerate.uofuhealth.utah.edu/improvement/how-to-conduct-a-literature-search
http://dx.doi.org/10.1080/10438590100000015

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Aslam, F., W. Aimin, M. Li and K. Ur Rehman. 2028novation in the Era of loT and
Industry 5.0: Absolute Innovation Management (AIM) Framewbrformation 11
(2):124.

Balaguer, Carlos and Mohamed Abderrahim. 2008nds in Robotics and Automation
in ConstructionRobotics and Automation in Construction.

Balasingham, Kajanth. 2016industry 4.0: Securing the Future for German
Manufacturing Companie$Jniversity of Twente Student Theses.

Baloi, D. and A.D.F. Price. 2003Modelling Global Risk Factors Affecting
Construction Cost Performancénternational Journal of Project Management 21
4:261:-269.

Barnett, E. and C. Gosselin. 2015arge-scale 3D printing with a cableuspended
robot. Additive Manufacturing 7:2i744.

Baumers, M., P. Dickens, C. Tuck and R. Hague. 20d& cost of additive
manufacturing: machine productivity, economies of scale teuwhnologypush.

Technological Forecasting and Social Change 1022@R

Bandura, Aalbert. 2011Social cognitive theoryHandbook of Social Psychological
Theories 2012, 34873.

Bakg?ze, Integratio2 & Téchnology Readiness (TR) into the Technology
Acceptance Model (TAM) for-shoppingInternational Journal of Scientific Research

and Innovative Technology 2 (3)i28b.

Beatty, R.C., Shim, J.P. and M.C. Jones. 26@ittors influencing corporate web site

adoption: a timebasedassessmeniformation & Management 38 (6):38354.

Behm, Michael. 2008Rapporteués Report Construction Sectodournal of Safety
Research 39:173.78.

Bentahar, Omar and Roslyn Cameron. 2@eésign and Implementation of a Mixed
Method Research Study in Project Managem&he Electronic Journal of Business
Research Methods 13(1)1%.

Berman, B. 20123-D printing: The new industrial revolutiorBusiness Horizons.
Elsevier 55 (2):156162.

171


http://essay.utwente.nl/70665/

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Besklubova, Svetlana, Miroslaw J. Skibniewski and Xue@ihgng. 2021 Factors
Affecting 3D Printing Technology Adaptation in Constructidournal of Construction
Engineering and Management 147(5).

Besklubova, Svetlana, Bing Qing Tan, Ray Y. Zhong and Nikola Spicek. ROgi3tic
cost analysis for 3D printing construction projects using a rai#tge networbased
approach. Automation in Construction. Avalilable at:
http://dx.doi.org/10.1016/j.autcon.2023.104863

Bock, Thomas. 2013 he future of construction automation: Technological disruption

and the upcoming ubiquity of robotigsutomation in Construction 59:1111.

Bos, F., R. Wolfs, Z. Ahmed and T. Salet. 20Afditive manufacturing of concrete in
construction: potentials and challenges of 3D concrete printfigual and Physical
Prototyping. Taylor & Francis 11 (3):20225.

Bosher, L., A. Dainty, P. Carrillo, J. Glass and A. Price. 20@&grating disaster risk
management into construction: a UK perspectielding Research & Information 35
(2):163 177.

Briscoe, Geoffrey and Andrew Dainty. 20@onstruction Supply Chaimtegration:
An Elusive GoalBupply Chain Management: An International Journal 10 (4)3210

Budde N. 2019Construction Law: What Contractors, Subs, and Suppliers Must Know
LevelSet, (4 April 2022).

Builder Magazine. 202 Eirst Permitted 3D Printed House hits the Market for $300K.

Available at:https://www.builderonline.com/building/buildirgnclosure/

Buswell, R.A., Antony Thorpe, Rupert Soar, R.C. and Allistar G.F. Gibb. ZD&sdgn,
data and process issues for meggale rapid manufacturing machines used for
construction Automation in Construction 17 (8):92329; 16 (2):22%231.

Buswell, R.A., W.R. Leal de Silva, S.Z. Jones and J. Dirrenberger. 3D1grinting
using concrete extrusion: A roadmap for researClement and Concrete Research
112:3749.

Cakmakci, Mehmet. 2019nteraction in Project Management Approach Within

Industry 4.0 Lecture Notes in Mechanic&ingineering, Springer 178639.

172


http://dx.doi.org/10.1016/j.autcon.2023.104863
https://www.builderonline.com/building/building-enclosure/

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Camacho, Dani el Del gado, Patricia Claytor
Maria Juenger, Raissa Ferron and Salvatore Salamone.&2@dl&ations of additive
manufacturing in the construction indusinA forwardlooking review Automation in
Construction 89:11AL19.

Cambridge  Dictionary Ethic, Cambridge Dictionary. Available  at:

https://dictionary.cambridge.org/de/worterbuch/englisch/ethic

Chan, P. C., David Scott and Ada P. L. Chan. 26@4tors Affecting the Success of a

Construction ProjectJournal of Construction Engineering and Management 130:1.

CafYfo, Alfredo Del a n dntedviated Methiodology reProfecd  Cr u :
Risk Managemendournal of Construction Engineering and Management 128 (6):473
85. Available athttps://doi.org/10.1061/(asce)07%9364(2002)128:6(473)

Casta€fo, R. , M. Suj an, M .Mandégmg €omsumera n d H
Uncertainty in the Adoption of New Products: Temporal Distance and Mental

Simulation.Journal of Marketing Research 45 (3):B286, Los Angeles.

CasteleBranco, IsabelFrederico Cruzlesus and Tiago Oliveir&019. Assessing
Industry 4.0 readiness in manufacturing: Evidence for the European Udd@nputers
in Industry 107:2R32.

Caravella, J. 2022Jnderstanding Roles and Relationships of Construction Project
Participants. Who Does What®IA Contract Document Workshop. Available at:
https://www.liconstructionlaw.com/construction/understangilgsrelationships

constructionprojectparticipants1/ (12" April 2022).
CDM. 2015.The Construction (Design and Management) Regulations.

Chan, Albert P.C. and Ada P.L. Chan. 20Rdy performance indicators for measuring

construction succesBenchmarking: An International Journal 11 (2):2P21.

Chen, C., J. Huang and Y. Hsiao. 20Kk@owledge management and innovativeness:
The role of organizational climate and structulgernational Journal of Manpower 31
(8):848 870.

Chidamber, Shyam and Henry Kon. 1998.research retrospective of innovation
inception and success: the technolgmsh demangull question Productivity From
Information Technology, PROFIT, Cambridge, MA, USA.

173


https://dictionary.cambridge.org/de/worterbuch/englisch/ethic
https://doi.org/10.1061/(asce)0733-9364(2002)128:6(473)
https://www.liconstructionlaw.com/construction/understanding-roles-relationships-construction-project-participants1/
https://www.liconstructionlaw.com/construction/understanding-roles-relationships-construction-project-participants1/

45.

46.

47.

48.

49.

50.

51.

52.

53.

4.

55.

56.

Choudhry, Rafig M., Dongping Fang and Sherif Mohamed. 2D@9eloping a Model
of Construction Safety Cultur@ournal of Management in Engineering 25 (1)4&

Chua, D.K.H., Y.C. Kog and P.K. Loh. 199Gritical Success Factors for Different
Project ObjectivesJournal of Construction Engineering and Management 125 (3):142
150.

Chun, Ki Woo,Haedo Kim and Keonsoo Lee. 2018.Study on Research Trends of
Technologies for Industry 4.0; 3D Printing, Artificial Intelligence, Big Data, Cloud
Computing, and Internet of Thingsdvanced Multimedia and Ubiquitous Engineering:
Springer 397403.

CICA. 2022. Construction 5.0 Working Group MeetingAvailable at:

https://cica.net/etn/cieeonstructior5-0-working-groupmeeting/

Coelho, Andre and Jorge de Brito. 20l#fluence otonstruction and demolition waste
management on the environmental impact of buildWésste Management 32 (3):532
541.

Cohen, W.M. and D.A. Levinthal. 199@\bsorptive capacity: A new perspective on

learning and innovationAdministrative Science Quarterly 35 (1):12%2.

Coleman, D. C. 1958ndustrial Growth and Industrial RevolutionEconomica 23
(89):1. Available athttp://dx.doi.org/10.2307/2551266

Collins, Adam and David Baccarini. 200Rroject successa survey.Journal of

Construction Engineering and Management 2:231.

Compeau, D., C.A. Higgins and S. Huff. 199@&cial Cognitive Theory and Individual
Reactions to Computing Technology: A Longitudinal Sthd$. Quarterly 23 (2):145.

CompTia. 2022. Available altttps://www.comptia.org/resources/cybersecurity

Coraggio, Giulio. 2015Top 3 legal issues of 3D printingechnologys Legal Edgé
DLA Piper ( 7" September 2015).

Craveiro, FI 8vi o, Jose Duart 2019 Adbldivee n a
manufacturing as an enabling technology for digital construction: A perspective on

Construction 4.0Automation in Construction 103:26267.

174


https://cica.net/etn/cica-construction-5-0-working-group-meeting/
http://dx.doi.org/10.2307/2551266
https://www.comptia.org/resources/cybersecurity

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Crowe, Sarah, Kathrin Cresswell, Ann Robertson, Guro Huby, Anthony Avery and
Aziz Sheikh. 2011.The case study approacBMC Medical Research Methodol
11:100.

Darwish, Lamis R.Mohamed T. EWakad and Mahmoud M. Farag. 20Zwards
sustainable industry 4.0: A green rdahe oT multitask scheduling architecture for
distributed 3D printing servicesJournal of Manufacturing Systems 61:12@0.
Available at:https://doi.org/10.1016/j.jmsy.2021.09.004

Davis, Fred. 1985A Technology Acceptance Model for Empirically Testing New End

User Information SystemSloan School of Management. MIT.

Davis, Fred D. 1988 Perceived Usefulness, Perceived Ease of Use, and User
Acceptance dhformation TechnologyMIS Quarterly 13 (3):319.

Davis, F.D., R.P. Bagozzi and P.R. Warshaw. D98B&er Acceptance of Computer
Technology: A Comparison of Two Theoretical Modégnagement Science 35
(8):982 1003.

Deep, Shumank, Thayaparan Gajendran and Marcus Jefferies. 2Gh&tematic
review of O6enablers of collaborationdé amc

International Journal of Construction Management 21 (9j:939.

Demir , Kadir Al pasl an, G 244 ledusy’ 5v0eand a n d
HumanRobot Ceworking. Procedia Computer Science 158:6885.

Despotovic, Danijela, Slobodan Cvetanovic, Vladimir Nedic and Milan Despotovic.
2015.Economic, social and environmental dimension of sustainable competitiveness of
European countrieslournal of Environmental Planning and Management 59 (9)i1656
1678.Available at: http://dx.doi.org/10.1080/09640568.2015.1085370

DFAB House. 2021Smart SlabAvailable at:https://dfabhouse.ch/de/smatab/

Dixit, Saurav. 2020Study of factors affecting the performance of construction projects
in AEC industry Organization, Technology and Management in Construction 11:
2275 2282.

Dlamini, Sitsabo. 2014The Relationship of the Construction Sector to the Economic
Growth: Analysis of South African and UK Construction Sectbhsiversity of

Reading. School of Construction Management and Engineering. Available at:

175


https://doi.org/10.1016/j.jmsy.2021.09.004
http://dx.doi.org/10.1080/09640568.2015.1085370
https://dfabhouse.ch/de/smart-slab/

https://books.google.de/books/about/The_Relationship_of the Construction_Sec.html
?1d=fCAsyQEACAAJ&redir_esc=y

68. DLA Piper.What are the main sources of law that govern and regulate contracts for
the design or carrying out of building work€®22. General construction law, {14
April 2022), Avalilable at:
https://www.dlapiperrealworld.com/law/index.html?t=construction&s=legal
framework&c=US

69. Dool ey, L., G. L u pt o nMultipke rpmjectDmanagetnéti & | 1 v ar
modern competitive necessidpurnal of Manufacturing Technology Management 16
(5):466 482.

70. Dodds, Susan. 201RD printing raises ethical issues in medici?®BC Science,
Available at:https://www.abc.net.au/science/articles/2015/02/11/4161675.htm

71. Donaldson, Lex. 200IThe Contingency Theory of Organizatio&agePublications
Available at:https://doi.org/10.4135/9781452229249

72. Dudovskiy, John. 2011The Ultimate Guide to Writing a Dissertation in Business
Studies: a step by stemssistance Business Research Methodology. Available at:

https://researcimethodology.net/

73. Ehsan,Nadeem, Sohail Anwar and Muhammad Talha. 2@08fessional Ethics in
Construction Industry of PakistaRroceedings of the World Congress on Engineering,
London, U.K.

74. EI-Sayegh, Sameh, Lotfi Romdhane and Solair Manjikian. 282€itical review of
3D printing in construction: benefits, challenges, and riskchives of Civil and
Mechanical Engineering 20(2). (1March 2020).

75.Emerald Publishing.2023. How to... Conduct empirical researchAvailable at:
https://www.emeraldgrouppublishing.com/hdavresearchmethods/conduet

empiricalresearch

76. Enshassi, Adnan, Sherif Mohamed and Peter Eduard Mayer. 2a6iors affecting
Labour productivity in building projects in the Gaza Stdpurnal of Civil Engineering
and Management 13 (4):24%64.

77. European Commission. 20Ifhe European construction sector: A global partner

176


https://books.google.de/books/about/The_Relationship_of_the_Construction_Sec.html?id=fCAsyQEACAAJ&redir_esc=y
https://books.google.de/books/about/The_Relationship_of_the_Construction_Sec.html?id=fCAsyQEACAAJ&redir_esc=y
https://www.dlapiperrealworld.com/law/index.html?t=construction&s=legal-framework&c=US
https://www.dlapiperrealworld.com/law/index.html?t=construction&s=legal-framework&c=US
https://www.abc.net.au/science/articles/2015/02/11/4161675.htm
https://doi.org/10.4135/9781452229249
https://research-methodology.net/
https://www.emeraldgrouppublishing.com/how-to/research-methods/conduct-empirical-research
https://www.emeraldgrouppublishing.com/how-to/research-methods/conduct-empirical-research

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

European Commi ssion Centre of Excellence

2018.Project Management Methodology Guide. R0blication Office of the European

Union Luxembourg.

Eurostat Figure 1. Recovery rate of construction and demolition waste in EU member
states in the period 202018, (a) EU, Belgiuni Latvia, (b) EU, Lithuanid United
Kingdom. 2020. Available athttps://www.researchgate.net/figure/Recoveateof-
constructioranddemolitionwastein-EU-memberstatesin-the-

period_figl 349260358

Everett, John G. and Hiroshi Saito. 19@®onstruction Automation: Demands and
Satisfiers in the United States and Japaournal of Construction Engineering and
Management 122 (2):14151.

Farugi, U.A. 2019Future Service in Industry 5.0urnal Sistem Cerdas 2 (1)i&B.
Available at:https://doi.org/10.37396/jsc.v2il1.21

Fasterholdt, | ben, Anne Lee, Kristian
Pedersen2018. A qualitative exploration of early assessment of innovative medical

technologiesBMC Health Services Research 18(1).

Feagin, Joe R., Anthony M. Orum and Gideon Sjoberg. 189Tase for the Case
Study.The University of North Carolina Press 71 (1):2202.

Feder, Gershon, Richard E. Just and David Zilberman. ¥8iption of Agricultural
Innovations in Developing Countries: A SurvEgonomic Development and Cultural
Change 33 (2):25298. Available athttp://dx.doi.org/10.1086/451461

Fellows, Richard, Anita Liu and Colin Storey. 20@thics in construction project
briefing. Science and Engineering Ethics 10 (2)128%1.

Fellows, Richard and Anita Liu. 200Bmpact of participants?©o

sustainability. Proceedings of the Institution of Civil Engineers Engineering
Sustainability 161 (4):21227.

Fishbein, M. and Ajzen, Icek. 197Belief, attitude, intention, and behavior: An
introduction to theory and researc@ontemporary Sociology 6 (2):244.

Flynn, Lindsay. 2016Delayed and depressed: from expensive housing to smaller

families.International Journal of Housing Policy 17 (3):8395.

177


https://www.researchgate.net/figure/Recovery-rate-of-construction-and-demolition-waste-in-EU-member-states-in-the-period_fig1_349260358
https://www.researchgate.net/figure/Recovery-rate-of-construction-and-demolition-waste-in-EU-member-states-in-the-period_fig1_349260358
https://www.researchgate.net/figure/Recovery-rate-of-construction-and-demolition-waste-in-EU-member-states-in-the-period_fig1_349260358
https://doi.org/10.37396/jsc.v2i1.21
http://dx.doi.org/10.1086/451461

89.

90.

91.

92.

93.

94.

95.

96.

97.

Forcael, Eric, Isabella Ferrari, AlexanderOpdze ga and Jes ¥scasAl ber t

2020.Construction 4.0: A Literature Revie®ustainability 12 (22):9755. Available at:
https://doi.org/10.3390/sul12229755

FragaLamas, Paula, Jose Vardarbeito and Tiago M. Fernand€arames2021.
Next Generation Auttdentification and Traceability Technologies for Industry 5.0: A
Methodology and Practical Use Case for the Shipbuilding Indusii# E Access
9:140700140730.

Frank, Al ejandro Ger m8n, Lucas Santos
Industry 4.0 technologies: Implementation patterns in manufacturing companies.
International Journal of Production Economics 210285 Available at:
http://dx.doi.org/10.1016/).ijpe.2019.01.Q04

Gann, David. 2000Building Innovation: Complex Constructs in a Changing World.

Thomas Telford.

Garc2a de Sot o, -JuBm Egmael Jods sl |Jahsa Hukhgvics ROA9.
Implications of Construction 4.0 to the workforce and organizational structures.

International Journal of Construction Management 22 (2j:205.

Gebler, Malte, Anton J.M. Schoot Uiterkamp and Cindy Visser. 2@14lobal
sustainability perspective on 3D printing technologig&sergy Policy. Elsevier 74:158
167.

Gentner, Stephan. 201Bdustry 4.0: Reality, Future or just Science Fiction? How to
Convince Todaybés Management to I nvest
for Industry 4.0 and Manufacturing ITCHIMIA 70 (9):628. Available at:
https://doi.org/10.2533/chimia.2016.628

Ghadim, Amir K. Abadi, David J. Pannell and Michael P. Burton. 20RiSk,
uncertainty, and learning in adoption of a crop innovatidgricultural Economics 33
(2):11 9. Available athttp://dx.doi.org/10.1111/j.157@862.2005.00433.x

Ghaffar, Seyed Hamidreza, Jorge Corker and Mizi Fan. 20dditive manufacturing
technology and its implementation in construction as animoovative solution.

Automation in Construction 93i11.

178


https://doi.org/10.3390/su12229755
http://dx.doi.org/10.1016/j.ijpe.2019.01.004
https://doi.org/10.2533/chimia.2016.628
http://dx.doi.org/10.1111/j.1574-0862.2005.00433.x

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Glaeser, Edward L., Joseph Gyourko and Raven E. Saks. A085Have Housing
Prices Gone Up™arvard Institute of Economic Research Working Papers 2061,

Harvardi Institute of Economic Research 95 (2):B393.

Glaeser, Edward L. and Charles G. Nathanson. 28bdising BubblesEditor(s):
Durant on, Gill es, J. Vernon Henderson anit
Regional and Urban Economios E|l sev ii78lr (5) : 701

Google Scholar. Available at:
https://scholar.google.com/intl/de/scholar/about.html#:~:text=Google%20S cholar%20

provides%20a%20simple,universities%20and%?20other%20web%?20sites

Grabowska, Sandra, Sebastian Saniuk and Bozena Gajdzik. R@R@&try 5.0:
improving humanization and sustainability of Industry 43tientometrics 127
(6):3117 3144.

Grewal, Anju, Hanish Kataria and Ira Dhawan. 2Qli€rature search for research
planning and identification of research probleindian Journal of Anaesthesia 60
(9):635.

Guhathakurta S. and J. Yates. 1988rnational Labour ProductivityJournal of Cost
Engineering 35 (1):125.

Gyourko, Joseph and Albert Saiz. 200@nstruction costs and the supply of housing
structure.Journal of Regional Science 46 (4):6680.

Hague, Richard, Saeed Mansour and Naguib Saleh. 2@@terial and design
considerations for rapid manufacturintnternational Journal of Production Research
42 (22):46914708.

Hahlbrock, D., M. Braun, R. Heidel, P. Lemmen, R. Boumann, T. Bruckmann, D.
Schramm, V. Helm and J. Willman2022. Cable Robotic 3Bprinting: additive
manufacturing on the construction si@onstruction Robotics 6 {4):305 318.

Haj ek, Petrau, Cti sl au Fil#dcygcle assedsméhtsgfd al ®r
concrete structure$ a step towards environmental savin@dructural Concrete 12
(2):13 22.

Haleem, A. and M. Javaid. 201Bdustry 5.0 and its applications in orthopaedics.
Journal of Clinical Orthopaedics and Trauma 10 (4):808.

179


https://scholar.google.com/intl/de/scholar/about.html#:~:text=Google%20Scholar%20provides%20a%20simple,universities%20and%20other%20web%20sites
https://scholar.google.com/intl/de/scholar/about.html#:~:text=Google%20Scholar%20provides%20a%20simple,universities%20and%20other%20web%20sites

109.

110.

111.

112.

113.

114.

115.

116.

117.

Hamelin 3P., and Hauke B. 200Bbocus areas: Quality of Life Towards a Sustainable
Built EnvironmentEuropean Construction Technology Platform, Paris.

Han, Seung H, Sang H. Park, Eui J. Jin, Hyoungkwan Kim and Yeon K. Seong. 2008.

Critical Issues and Possible Solutions for Motivating Foreign Construction Workers.
Journal of Management in Engineering 24 (4)i226.

Hiete, Michael. 20134 i Waste management plants and technology for recycling
construction and demolition (C&D) waste: statkthe-art and future Stateof-the-art

and future challenge$Voodhead Publishing Series in Civil and Structural Engineering
53-75.

Hillson, David and Ruth MurrayWebster. 2004Understanding and managing risk
attitude. Available at:
https://www.kent.ac.uk/scarr/events/finalpapers/Hillson%20+%20Murray
Webster.pdf

Hillson, David. 2011 Risk Energetics: Developing Renewable and Sustainable Risk
Management A Global Resource for Sharing Knowledge in Program & Project

Management.

Hirman, Martin, Andrea Benesova, Frantisek Steiner and Jiri Tupa. Eodbfect
Management during the Industry 4.0 Implementation with Risk Factor Analysis.
Procedia Manufacturing 38:1181188.

Hoeffler, Steve. 2003Measuring Preferences for Really New Produdtsurnal of
Marketing Research 40 (4):40820. Available at:
http://dx.doi.org/10.1509/jmkr.40.4.406.19394

Hol mstr °m, Jan, Jouni Partanen, Rapdk k a
manufacturing in the spare parsipply chain: alternative approaches to capacity
deploymentJournal of Manufacturing Technology Management 21 (6):687.

Horvat, Djerdj, Thomas Stahlecker, Andrea Zenker, Christian Lerch and Marko

Mladineo. 2018.A conceptual approach to analysi

profiles concerning Industry 4.0 in emerging economig®cedia Manufacturing
17:419 426.

180


https://www.kent.ac.uk/scarr/events/finalpapers/Hillson%20+%20Murray-Webster.pdf
https://www.kent.ac.uk/scarr/events/finalpapers/Hillson%20+%20Murray-Webster.pdf
http://dx.doi.org/10.1509/jmkr.40.4.406.19394

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Huang, Samuel H., Peng Liu, Abhiram Mokasdar, and Liang Hou. 28dditive
manufacturing and its societal impact: a literature revide International Journal of
Advanced Manufacturing Technology 67 §:1191 1203.

ISO. 2009. Risk managementd Principles and guidelines.Available at:
https://www.iso.org/obp/ui/#iso:std:is0:31000:ed1:en

ISO. 2020Project, programme and portfolio manageméntGuidance on project
Managementinternational StandardFirst Edition.

Igbal, Javed and Munir H. Shah. 20Xaccurrence, risk assessment, and source
apportionment of heavy metals in surface sediments from Khanpur Lake, Pakistan.

Journal of Analytical Science and Technology 5(1).

Javaid, Mohd, Abid Haleem, Ravi Pratap Singh, Mir Irfan Ul Hag, Ankush Raina and
Rajiv Suman. 2020Industry 5.0: Potential Applications in COWADO. Journal of
Industrial Integration and Management 05 (04)i%30.

Jergeas, George F, P. Eng and RoblTague. 2002Construction productivity: An
auditing and measuring tooAACE International Transactions. Morgantown.

Jeyaraj, A., J.W. Rottman and M.C. Lacity. 20@&eview of the Predictors, Linkages,

and Biases in IT Innovation Adoption Reseaddurnal of Information Technology 21
(1):1 23.

Jipa, Andr ei , Cal v o B a rLedont Matthias R(ppmasnt i a n
GeorgiaChousou, Matteo Lomaglio, Arno Schlueter, Philippe Block and Benjamin
Dillenburger. 20193D-Printed Formwork for Integrated Funicular Concrete Slabs

Proceedings of the IASS Symposiumi (Z0 October) Barcelona, Spain.

Kamal, M.M. 2006.IT innovation adoption in the government sector: identifying the
critical success factorslournal of Enterprise Information Management 19 (2):192
222.

Kamaruddin, Siti Syariazulfa, Mohammad Fadhil Mohammad and Rohana Mahbub.
2016. Barriers and Impact of Mechanisation and Automation in Construction to
Achieve Better Quality ProductBrocedia Social and Behavioral Sciences 222i111
120.

181

J


https://www.iso.org/obp/ui/#iso:std:iso:31000:ed-1:v1:en

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Kang, ByungGyoo, Andrew Price, Tony Thorpe and Francis Edurtwe. 2004.
Developing a systems approach for managing ethics in construction project

environmentsLoughborough University Conference contribution.

Kang, ByungGyoo, Franis Edunrotwe, Andrew Price and Tony Thorpe. 20The
application of causality to construction business ethScial Responsibility Journal
10 (3):550568.

Khajavi, Siavash H., Joun iAddiRwwe manafacermg a n d
in the spare parts supply chai@omputers in Industry 65 (1):5663.

Khoshnevis, Behrokh. 2004Automated construction by contour craftthgelated
robotics and information technologieSutomation in Construction 13 (1):%9.

Khunti, Roshni. 2018The Problem with PrintindPalmyra: Exploring the Ethics of
Using 3D Printing Technology to Reconstruct Heritati¢$ScholarWorks Journals 2
(2):1112.

Kim, Mi Jeong, HuneLin Chi, Xiangyu Wang and Lieyun Ding. 201&utomation and

Robotics in Construction and CiviEngineering.Journal of Intelligent & Robotic
Systems 79 (34):347 350.

Kim, Sungjin, Soowon Chang and Daniel Cadtexouture. 2020Dynamic Modeling
for Analyzing Impacts of Skilled Labor Shortage on Construction Project Management.

Journal of Management in Engineering 36(1).

Kitchenham, B., L. Pickard and S.L. Pfleeger. 199&se studies for method and tool
evaluation.|IEEE Software 12 (4):552.

KI'inc, R. a n @ons@uctionr4udr Dkgital T2aBsfo¥nation of One of the
Oldest Industries. Economic and Business Review 21(3), Available at:
https://doi.org/10.15458/ebr.92

Kol ber g, De nni s 20a5nLdan Auomatienfenallegl by Ikdastry 4.0
Technologies. IFAC-PapersOnLine 48  (3):187V0875. Available  at:
http://dx.doi.org/10.1016/|.ifacol.2015.06.359

Koufteros, Xenophon, Mark Vonderembse and Jayanth Jayaram. I8@9%al and
external integration for product development: the contingency effects of uncertainty,

equivocality, and platform strategecision Sciences 36 (1):0733.

182

J


https://doi.org/10.15458/ebr.92
http://dx.doi.org/10.1016/j.ifacol.2015.06.359

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Kumar Reddy Maddikunta, Praveen, Qudet Pham, Prabadevi B, N Deepa, Kapal
Dev, Thippa Reddy Gadekallu, Rukhsana Ruby and Madhusanka Liyanage. 2022.
Industry 5.0: A survey on enabling technologies and potential applicatlonsnal of
Industrial Information Integration. Available at:
https://doi.org/10.1016/}.jii.2021.100257

Kuchinskas Susan. 2023D-Printed Houses: How Habitat for Humanity Can Build
Faster and Cheaper Redshift by Autodesk. Available at:
https://redshift.autodesk.com/articles{Bdnting-affordablehomes

Labonnot e, Natal i e, Anders RBnnqui st,
Additive construction: Statef-the-art, challenges and opportunitiedutomation in
Construction 72:347366.

Lee, Eunchang, Yongtae Park and Jong Gye Shin. 2&@§e engineering project risk
management using a Bayesian belief netwhrpert Systems with Applications 36
(3):5880 5887.

Lee, Younghwa, Kenneth A. Kozar and Kai R.T. Larsen. 2008 Technology
Acceptance Model: Past, Present, and Fut@emmunications of the Association for
Information Systems 12. Available &ttp://dx.doi.org/10.17705/1cais.01250

Li, S., Bhanu RagiNathan, T.S. RagiMathan and S. Subba Rao. 2006e impact of
supply chain management practices on competitive advantage and organizational
performanceOmega 34(2):1071.24.

Lim, E. and J. Alum. 1995Construction productivity: Issues encountered by
contractors in Singapordnternational Journal of Project Management 13 (16581

Lim, Sungwoo, Richard Buswell, Thanh T. Le, Simon Austin, Allistar G.F. Gibb and
Tony Thorpe. 2012Developments in constructiatale additive manufacturing
processesAutomation in Construction 21:26268.

Ling, Florence Yean Yng. 2003Vanaging the implementation of construction

innovations.Construction Management and Economics 21 (6):639

Lizzaralde, Gonzalo, Lee Bosher, Christopher Robin Bryant and Ksenia Chmutina.
2018.The diversity of governance approaches in the face of resili@mernance of

Risk, Hazards and Disasters.

183

B €


https://doi.org/10.1016/j.jii.2021.100257
https://redshift.autodesk.com/articles/3d-printing-affordable-homes
http://dx.doi.org/10.17705/1cais.01250

149.

150.

151.

152.

153.

154.

155.

156.

157.

L- pRabl e sRjcardd,des® a m OtegiOlaso, Manuel e sCl®, Leonardo
Bertolin-Furstenau, MicheleKremerSott, LuisDanielL - p-Robles and Nadia

Karina GamboaRosales. 2020The relationship between Project Management and

Industry 4.0: Bibliometric analysis of main research areas through Scdpu’®

International Conference on Research and Education in Project ManageRieRM

(20-21th February2020), Bilbao, Spain.

Ma, GuoWei, Li Wang and Yang Ju. 205tateof-the-art of 3D printing technology

of cementitious materidlAn emerging technique faronstruction.Science China

Technological Sciences 61 (4):47295.

Machado, Car |l a Gon-al ves, Mat s

Centerholt and Malin Hallin. 201thdustry 4.0 readiness in manufacturing companies:

Wi nrot h,

challenges and enablers towards increased digitalizatlrocedia CIRP 81:1113

1118.

Maddikunta, Praveen Kumar Reddy, Qudet Pham, Prabadevi B, N Deepa, Kapal

Dev, Thippa Reddy Gadekallu, Rukhsana Ruby and Madhusanka Liyanage. 2022.

Industry 5.0: A survey on enabling technologies and potential applicatlonsnal of

Industrial Information Integration 26: 100257.

Mahmood, Shahriare and Pekka Kess. 2@ Overview of Demand Management

through Demand Supply Chain in Fashion Industigternational Journal of

Management Science and Business Administration 2 {119:7

Mant ha, Bhar adwaj and ®Gyber seeurityhallengesaand e

vulnerability assessment in the construction indust@reative Construction

Conference, Budapest, Hungary.

Marchment, Taylor and Jay Sanjayan. 20M8sh reinforcing method for 3D Concrete

Printing. Automation in Construction 109: 102992.

Marnewick, A.L. and C. Marnewick. 2020'he Ability of Project Managers to

Implement Industry 4:Related ProjectdEEE Access 8:31i4324.

Martens, Mauro L. and Marly M. Carvalho. 201Key factors of sustainability in

project management context:

International Journal of Project Management 35 (6):10882.

184

A

survey

So

exp



158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Martinsuo, Miia and Martina Huemann. 202Designing case study research.
International Journal of Project Management 39 (5)421. Available at:
https://doi.org/10.1016/j.ijproman.2021.06.007

Matta, Nadim and Ron Ashkenas. 2008hy Good Projects Fail Anywaydarvard

business review.

McTague, Bob and George Jergeas. 280@ductivity Improvements on Alberta Major
Construction Projects Construction Productivity Improvement Report, Alberta

Economic Development , Canada.

Medeiros, Janine Fleith, J. L. Ribeiro and Marcelo Cortimiglia. 2818cess factors
for environmentally sustainable product innovation: a systematic literature review.

Journal of Cleaner Production 30:i786.

Mellor, Stephen, Liang Hao and David Zhang. 20Additive manufacturing: A
framework for implementationinternational Journal of Production Economics
149:194 201.

Menegaki, Maria and Dimitris Damigos. 2018.review on current situation and
challenges of construction and demolition wastanagementCurrent Opinion in
Green and Sustainable Chemistry 138 Available at:
http://dx.doi.org/10.1016/].cogsc.2018.02.010

Merschbrock, Christoph and Alejandro Figuek#isnoz. 2015. Circumventing
Obstacles in Digital Construction Desigh A Workaround Theory Perspective.

Procedia Economics and Finance 211265.
Minett, Alex. 2021 Promoting Good Ethical Practice in Constructid@dHAS.

Misic, Sandra and Mladen Radujkovic. 20C5itical Drivers of Megaprojects Success

and Failure.Procedia Engineering 122i780.

Moon, Katie and Deborah Blackman. 2014.guide to ontology, epistemology, and
philosophical perspectives for interdisciplinary researchedsitegration and
Implementation Insights. Available ahtttps://i2insights.org/2017/05/02/philosophy
for-interdisciplinarity/.

Moore, Gary C. and Izak Benbasat. 19D&velopment of an Instrument to Measure
the Perceptions of Adopting an Information Technology Innovatioiormation
Systems Research 2 (3):1222.

185


https://doi.org/10.1016/j.ijproman.2021.06.007
http://dx.doi.org/10.1016/j.cogsc.2018.02.010
https://i2insights.org/2017/05/02/philosophy-for-interdisciplinarity/
https://i2insights.org/2017/05/02/philosophy-for-interdisciplinarity/

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Morel, J.C., A. Mesbah, M. Oggero and P. Walker. 2@iiilding houses with local
materials: means to drastically reduce the environmental impact of construction.
Building and Environment 36 (10):11(1P126.

Mrazovic, Natasa. 201&ssessment Framework for Additive Manufacturing in the

AEC Industry Stanford University.

Mu | «zRivera, F.,J.Mor& er r an o,
Technological Framework for Construction 4A&xchives of Computational Methods

in Engineering 28 (2):68911.

Nam, C.H. and C.B. Tatuml1992. Noncontractual methods of integration on
construction projectsJournal of Construction Engineering and Management 118

(2):385 398.

National Research Council. 2008dvancing the Competitiveness and Efficiency of the

U.S. Construction Industryrhe National Academies Press. Washington, DC. Available

at: https://doi.org/10.17226/12717

NASA. 1970. Nasa Technology Readiness Levels and technology development.

Ngo, Tuan D., Alireza Kashani, Gabriele Imbalzano, Kate T.Q. Nguyen and and David
Hui. 2018. Additive manufacturing (3D printing): A review of materials, methods,

applications and challenge€omposites Part B: Engineering 143:17926. Available

V 202@Methodalagidal E .

at: http://dx.doi.org/10.1016/j.compositesb.2018.02.012

Nahavandi, Saeid. 201®dustry 5.@ A HumanCentric Solution.Sustainability 11

(16):4371. Available atttps://doi.org/10.3390/su11164371

NIAC. 2009 Critical infrastructure resilience final report angecommendationg8™"

September

https://www.cisa.gov/sites/default/files/publications/ntaitical-infrastructure

2009).

resiliencefinal-report09-08-09-508.pdf

Nitithamyong, Pollaphat and Miroslav J. Skibniewski. 2086ccess/failure factors
and performance measures of wwmsed construction project management systems:
prof essi on alousnal of\Constwgtian iEngtneering and Management 132

(1):80 87.

186

Available

at:

of «


https://doi.org/10.17226/12717
https://mcdsystems.co.uk/nasa-technology-readiness-levels-explained/#:~:text=Technology%20Readiness%20Levels%20%28TRLs%29%20were%20developed%20by%20NASA,that%20the%20program%20uses%20to%20reach%20market%20maturity.
http://dx.doi.org/10.1016/j.compositesb.2018.02.012
https://doi.org/10.3390/su11164371
https://www.cisa.gov/sites/default/files/publications/niac-critical-infrastructure-resilience-final-report-09-08-09-508.pdf
https://www.cisa.gov/sites/default/files/publications/niac-critical-infrastructure-resilience-final-report-09-08-09-508.pdf

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Ofori, George. 2000Greening the construction supptiain in SingaporeEuropean
Journal of Purchasing & Supply Management 6 4§3195 206. Available at:
http://dx.doi.org/10.1016/s0968012(00)0001%.

Olsson, Rolf. 2007In search of opportunity management: Is the risk management
process enoughnternational Journal of Project Management 25 (8):783.
Available at:http://dx.doi.org/10.1016/j.ijproman.2007.03.005

Oettmeier, Katrin and Erik Hofmanr2016. Additive manufacturing technology
adoption: an empirical analysis of general and supply chialated determinants.

Journal of Business Economics 87 (1):924.

I kIl and, A n dGape Analysis f@r Antdsporating Sustainability in Project

ManagementProcedia Computer Science 64:1069.

Osunsanmi, Temidayo Oluwasola, Clinton Ohis Aigbavboa, Ayodeji Emmanuel Oke

and Muredini Liphadzi. 2020Ap pr ai s al of stakehol der so
construction 4.0 technologies for construction projeBislt Environment Project and

Asset Management 10 (4):54665.

¥z keser , [Baninoavatich @ppr@ach imdustry 5.0Alphanumeric Journal
6 (2):395 406.

Panda, B., Y.W.D. Tay, S.C. Paul and M.J. Tan. 2Cli8rent challenges and future
potential of 3D concrete printingMaterialwissenschaft und Werkstofftechnik 49
(5):666 673.

Parasuraman, A. 2000.echnology Readiness Index (Tri) a multipéam scale to
measure readiness to embrace new technologiesrnal of Service Research 2
(4):307 320.

Paschek, Daniel, Anca Mocan and Anca Dragt#6il9. Industry 5.0 The expected
Impact of next Industrial RevolutioManagement Knowledge and Learning, Piran

Slovenia.

Peng Wu, Jun Wang ariangyu Wang.2016. A critical review of the use of-B

printing in the construction industnAutomation in Construction.

Perera, J. and J. Holsomback. 20@b.integrated risk management tool and process
IEEE Aerospace Conference, Big Sky, 1235, USA.

187


http://dx.doi.org/10.1016/s0969-7012(00)00015-0
http://dx.doi.org/10.1016/j.ijproman.2007.03.005

190.

191.

192.

193.

194.

195.

196.

197.

198.

PERI. 2021Ger many Es first printWed Ceobhsenof Biec
Available athttps://www.peri.com/en/company/presdeases/germamfsst-printed

houseofficially -openend.html

Perrier, Nathalie,Aristide Bled, Mario Bourgault,Nolwenn Cousin, Christophe
Danjou, Robert Pellerin and Thibaut Roland. 20Zonstruction 4.0: a survey of
research trendsJournal of Information Technology in Construction 25%43%y.
Available at:http://dx.doi.org/10.36680/j.itcon.2020.024

Petrick, 1.J. and Timothy W. Simpson. 2088 printing disrupts manufacturing: how
economies of one create new rules of competiRasearcil echnology Management
56 (6):12 16.

Petrovi c, Vojislav, Juan Vicente Haro Gg
Del gado, Ram- n Bl asco PuchadAdditvedayated L ui s
manufacturing: sectors of industrial application shown through case studies.

International Journal of Production Research 49 (4):106179.

Pistilli, Melissa. 2022.3D Printing Stocks: 10 Biggest Companies in 203D
PRINTING Investing News (I3September 2022).

PMI. 2004.A Guide tathe Project Management Body of Knowledd® E8lition. PMI
(Project Management Institute) Newtown Square. Available at:
https://dl.icdst.org/pdfs/files3/7b118d7c83db86a0e76f4cbe795f1263.pdf

Po-r, Peter, D a Basld2010distotiaqlkerview af Maintersaecé
Management Strategies: Development from Breakdown Maintenance to Predictive
Maintenance in Accordance with Foumdustrial RevolutionsProceedings of the
International Conference on Industrial Engineering and Operations Management.

Pilsen, Czech Republic.

Popkova, Elena G., Yulia V. Ragulina and Aleksei V. Bogo218. Fundamental
Differences of Transition to Industry 4.0 from Previous Industrial Revolutiodsstry
4.0: Industrial Revolution of the 21 Century 2129. Available at:
http://dx.doi.org/10.1007/978-319-943107_3

Porter, Michael E. 1989.How competitive forces shape strateg®trategic

Management, Springer 18B43.

188


https://www.peri.com/en/company/press-releases/germanys-first-printed-house-officially-openend.html
https://www.peri.com/en/company/press-releases/germanys-first-printed-house-officially-openend.html
http://dx.doi.org/10.36680/j.itcon.2020.024
https://dl.icdst.org/pdfs/files3/7b118d7c83db86a0e76f4cbe795f1263.pdf
http://dx.doi.org/10.1007/978-3-319-94310-7_3

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

Porter, Michael E. 2008The five competitive forces that shape stratdggrvard
Business Review 86 (1)280.

Prasath Kumar, V.R., Murugesan Balasubramanian and S. Jagadish Rdpdit:s
in Construction Industryindian Journal of Science and Technology 9 (23).

Premkumar, G., K. Ramamurthy and S. Nilakanta. 188glementation of Electronic
Data Interchange: An Innovation Diffusion Perspectideurnal of Management
Information Systems 11 (2):16¥86.

Radujkovic, Mladen and Mariela Sjekavica. 20Razvoj modela za poboljsanje
uspjesnosti upravljanja projektom analizirajuci rizike, promjene i ogranicenja.
GralLevindd 69 (2):1

Rahman, Mohammad Mafizur. 20I0he Australian housing marketunderstanding

the causes and effects of rising prideslicy Studies 31 (5):57590.

Rayna, Thierryand Ludmila Striukova. 2016From rapid prototyping to home
fabrication: How 3D printing is changing business model innovattaonPapers 102:
214224,

Reiling, John. 2022Strategy, PM, and the Diffusion Innovation Theory Modiée

Strategic Project Manager.

Ren, Z., G. Q. Shen and X. L. Xue. 201Railure Caused by Inappropriate
Construction Methods: An Expensive Lesslmurnal of Management in Engineering
29 (1):25 34.

Rivera, Madelaine. 2019.exas company plans to sell coudryirst permitted, 3B

printed houseHouston, USA: Fox News.
Rogers Everett M. 196Riffusion of innovations-ree Press, New York.

Rogers, Everett M. and F. F. Shoemaker. 1@6munication of Innovation: A Cress

Cultural ApproachNew York.

Rogers, Everett M. 198Elements of diffusiarDiffusion of Innovations 1:37, New
York.

Rogers, Everett M. 200Elements of diffusiarDiffusion of Innovations 1:38New
York.

189



212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Rogers, Helen, Norbert Baricz and Kulwant S. Pawar. 28D6printing services:
classification, supply chain implications and research agehldearnational Journal of
Physical Distribution & Logistics Management 46 (10):888/. Available at:
http://dx.doi.org/10.1108/ijpdIr®7-20160210.

Romdhane, Lofti and Sameh M.-Eayegh. 20203D Printing in Construction:

BenefitsInternational Journal of Structural and Civil Engineering Research33¥4

Saunders, Mark, P. Lewis and A. Thornhill. 2009nderstanding research
philosophies and approachd®esearch Methods for Business Students 413

Saunders, M., P. Lewis and A. Thornhill. 20IResearch Methods for Business

StudentsPearson Education Ltd., Harlow.

Sawhney, Anil, Michael Riley and Javier Irizarry. 2020.Innovation Platform for the
Built EnvironmentConstruction 4.0 1:526 (¥debruary 2020).

Schumacher, Andreas, Selim Erol, Wilfried Sihn. 204 8laturity Model for Assessing
Industry 4.0 Readiness and Maturity of Manufacturing EnterpriBescedia CIRP
52:161166. Available athttps://doi.org/10.1016/}.procir.2016.07.040

Sch°nbeck, Pi a, Mal i n L ° f s Cdllaporatiach anal n d
knowledge exchange possibilities between industry and construction 4.0 research.
Procedia Computer Science 192:1297. Available at:
http://dx.doi.org/10.1016/j.procs.2021.08.014

Scremin, Luca, Fabiano Armellini, Alessandro Brun, Laurence $aletier and
Catherine Beaudry. 2018 owards a Framework for Assessing the Maturity of
Manufacturing Companies in Industry 4.0 Adoptidnalyzing the Impacts of Industry
4.0 in Modern Business Environments 12:22241.

Serpella, Alfredo Federico, Ximena Ferrada, Rodolfo Howard and Larissa Rubio. 2014.
Risk Management in Construction Projects: A Knowleldgsed ApproachProcedid
Social and Behavioral Sciences 119:65&2.

ShokrtGhasabeh, Morteza and Kamyar KaveQbabok. 2009.Generic project
success and project management success criteria and factors: Literature review and

survey.WSEAS Transactions on Business and Economics 6 (8).

190

An


http://dx.doi.org/10.1108/ijpdlm-07-2016-0210
https://doi.org/10.1016/j.procir.2016.07.040
http://dx.doi.org/10.1016/j.procs.2021.08.014

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

Silvius, Gilbert. 2017Sustainability as a new school of thought in project management.

Journal of Cleaner

http://dx.doi.org/10.1016/j.jclepro.2017.08.121

Production

166:147993. Availabe at:

Skibniewski, J. Miroslaw. 1988 Framework for decisiommaking on implementing

robotics in constructionJournal of Computing in Civil 2:18801.

Skibniewski, J. Miroslaw an@hris Hendrickson. 1988 Analysis of Robotic Surface

Finishing Work on Construction SiteJournal of Construction Engineering and

Management  114:1.  Available

9364(1988)114:1(5

at: https://doi.org/10.1061/(ASCE)0733

Skibniewski, J. Miroslaw and Chris Hendrickson. 1980tomation and Robotics for

Road Construction and Maintenancéournal of Transportation Engineering 116

(3):261 271.

Skobelev, P. O., S. YiBorovik. 2017.0n the way from Industry 4.0 to Industry 5.0:
from digital manufacturing to digital societinternational Scientific Journals 807
311. Available athttps://stumejournals.com/journals/i4/2017/6/307

Soham, M. and B. Rajiv. 2013. Critical factors affecting labor productivity in

constructiorprojects:casestudyof SouthGujaratregionof India. Internationallournal

of Engineering and Advanced Technology 2 (4):583.

Son, Hyojoo, Changwan Kim, Hyoungkwan Kim, Seung Heon Han and Moon Kyum
Kim2. 2010.Trend analysis of research and development on automation and robotics

technology in the construction indust§SCE Journal of Civil Engineering 14 (2):131

139.

Sonar, Harshad, Vivek Khanzode and Milind Akarte. 2020estigating additive

manufacturing implementation factors using integrated -lSMMAC approach.
Rapid Prototyping Journal 26 (10):183B51.

SophonthummapharrKittipong and G. Tesar. 2007Technology Readiness and

Propensity of Cell Phone Users to Subscribe to Commercial Messaning Services

Marketing Management Journal 17 (2):83.

Souza dos Sant os,

Fl

§ v i 2008.KNBAeandt RMBCGKN d

applied to project risk managemedtSTEM 1 Journal of Information Systems and

Technology Management 5 (2).

191

Sal


http://dx.doi.org/10.1016/j.jclepro.2017.08.121
https://doi.org/10.1061/(ASCE)0733-9364(1988)114:1(5
https://doi.org/10.1061/(ASCE)0733-9364(1988)114:1(5
https://stumejournals.com/journals/i4/2017/6/307

232.

233.

234.

235.

236.

237.

238.

2309.

240.

241.

Spicek, Nikola. 202@uilding regulation for 3D printing in constructiagnCase study
legislation for a 3D printed house Pr o] ect fiM&ribdr: aKondeenca za
cloveka: 220.

Spicek, Nikola. 2022Ethics in construction projects utilizing 3@rinting technology
T literature review International Research Journal of Modernization in Engineering

Technology and Science.

Spicek, Nikola, Mladen Radujkovic and Miroslaw Skibniewski. 2028nstruction
project organization for 3D printing technolog@radevinar 75 (5):47482.

Spisakova, Mar cel a, Tom8g Mandi | Waste Pet e
Management in a Sustainable Circular Economy as a Part of Design of Construction.
Applied Sciences 12 (9):4553. Available faitps://doi.org/10.3390/app12094553

StasiakBet | ej ews k a, R e n a 2@L5. GonsttuctibhaCostskAnaRsist k 8§ ny

and its Importance to the Econonrocedia Economics and Finance 3485

Strandhagen, Jan Ola, Logan Reed Vallandingham, Giuseppe Fragapane, Jo Wessel
Strandhagen, Aili Biriita Hblogiics&Qamdh gel an
emerging sustainable business moddéldvances in Manufacturing 5(4): 36869.

Available at:http://dx.doi.org/10.1007/s4043BL7-01981 .

Tahmasebinia, Faham, Samad Sepasgozar, Sara Shirowzhan, Marjo Niemela, Arthur
Tripp, Servani Nagabhyrava, Zuheen Mansuri and Fernando AMas@quin. 2020.
Criteria development for sustainable construction manufacturing in Construction
Industry 4.0: Theoretical and laboratory investigatio@onstruction Innovation 20
(3):379 400.

Tamrin, Shamsul Bahri Mohd and Ishkandar Md Yusoff. 2@dcupational Safety
and Health in Commodity Agricultur€ase Studies from the Malaysian Perspective
Department of Environmental & Occupational Health. Malaysia.

Tay, Yi Wei Daniel, Biranchi Panda, Suvash Chandra Paul, Nisar Ahamed Noor
Mohamed, M.J. Tan and Kah Fai Leong. 2030D. printing trends in building and
construction industry: a review/irtual and Physical Prototyping 12 (3):2€1/6.
Available at:http://dx.doi.org/10.1080/17452759.2017.1326724

Tellis, Winston. 1997 Application of a Case Study Methodologyhe Qualitative
Report. Available athttp://dx.doi.org/10.46743/2168715/1997.2015

192


https://doi.org/10.3390/app12094553
http://dx.doi.org/10.1007/s40436-017-0198-1
http://dx.doi.org/10.1080/17452759.2017.1326724
http://dx.doi.org/10.46743/2160-3715/1997.2015

242. Tidd, Joe. 2002Innovation management in context: environment, organization and
performance International Journal & Management Reviews 3 (3):189. (18’
December 2002).

243. Tohidi, Hamid. 2011 The role of risk management in IT systems of organizations.
Procedia Computer Science 3:8887. Available at:
http://dx.doi.org/10.1016/].procs.2010.12.144

244, Tornatzky, Louis GAnd Katherine J. Klein. 1982nnovation characteristics and
innovation adoptiofimplementation: A metanalysis of findingslEEE Transactions
on Engineering Management 29 (1):28. Available at:
http://dx.doi.org/10.1109/tem.1982.6447463

245. Thorsteinsson, G2 sThei Evoaution of JDoprnting and dustr 0 1 8 .
4.0. Journal on Future Engineering and Technology 14 {15:1

246. Tufinio, Silvana Paniagua, Herman Mooi, Wim Ravestijn, Hans Bakker and Meindert
Boorsma. 2013Sustainabilityin project managementwhere are we? International
Journal Of Engineering XI: 91.00.

247. Uff, John. 2003.Duties at the legal fringe: Ethics inonstrucion law.Centre of
Contruction Law & Management

248. Uff, John. 2017Society of Construction Law delay and disruption protoSokiety of
Construction Law. Available at:
extension://efaidnbmnnnibpcajpcglclefindmkaj/https://www.scl.org.uk/sites/default/fil
es/115uff.pdf.

249. UNECE (United Nations Economic Commission for Europ&hare of construction
in GDP. Available at:
https://w3.unece.org/PXWeb/en/CountryRanking?IndicatorCode=8

250. Ungan, Mustafa. 2004actors affecting the adoption of manufacturing best practices.
Benchmarking: An International Journal 11 (5):6520.

251. University of Newcastle Library Guides. 20&esearch Methods: What are research
methods? Research Support. Available at:

https://libguides.newcastle.edu.au/researchmethods

252. UN Global Compact. 2022United Nations Global CompactAvailable at: -
https://www.globalcompact.de/uebans/unitednationsglobalcompact

193


http://dx.doi.org/10.1016/j.procs.2010.12.144
http://dx.doi.org/10.1109/tem.1982.6447463
https://w3.unece.org/PXWeb/en/CountryRanking?IndicatorCode=8-
https://libguides.newcastle.edu.au/researchmethods
https://www.globalcompact.de/ueber-uns/united-nations-global-compact

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

Van Marrewijk, Marcel. 2003Concepts and Definitions of CSR and Corporate
Sustainability: Between Agency and Communidwurnal of Business Ethie#1:95
105.

Varnas, Anika Berit Balfors and Charlotta FaitkEll. 2009. Environmental
consideration in procurement of construction contracts: current practice, problems and
opportunities in green procurement in the Swedish construction inddstynal of
Cleaner Production 17(13):121422 Avalilable at:
https://doi.org/10.1016/j.jclepro.2009.04.001

Voxeljet. 2022 3D gedruckteBet onschal ung f.;Available &: Konst
https://www.voxeljet.de/additivéertigung/casestudies/architektur/mi8d-druck-

effizienterzur-komplexenbetonschalung/

Voxeljet. 202D. 3D printing makes complex concrete formwork more efficient
Available at: https://www.voxeljet.com/additivenanufacturing/case

studies/architecture/3grinting-makescomplexconcreteformwork-more-efficient/

Voxeljet. 2022. Complex formwork for concrete castiiig3D printing comes into
action Available at:https://www.voxeljet.com/casstudies/architecture/pillgsroject
doka/.

Voxeljet. 20221. Detailed concrete facades with industrial 3D printing: the voxeljet
company stoneAvailable at:https://www.voxeljet.com/casgtudies/architecture/the

voxeljetcompanystone/

Voxeljet. 2022. Industrial 3D Printing Company. Expert 3D Printer, System,
Manufacturers Available at:https://www.voxeljet.com/

Voxeljet. 2022. Mit 3D-Druck effizienter zur komplexen Betonschaluknilable at:
https://www.voxeljet.de/casgtudies/architektur/mi8d-druck-effizienterzur-
komplexenbetonschalung/

Voxeljet. 2023. The advantages of 3D printing of formwork are proven once again
Available at: https://www.voxeljet.com/casgtudies/architecture/intelligesi-
printedconcreteformwork/.

Voxeljet. 2022, The Pillais New Clothes How 3D printing of facade elements
innovates modern architecture Available at: https://www.voxeljet.com/case

studies/architecture/coluntiaddingsl-raschgmbh/

194


https://doi.org/10.1016/j.jclepro.2009.04.001
https://www.voxeljet.de/additive-fertigung/case-studies/architektur/mit-3d-druck-effizienter-zur-komplexen-betonschalung/
https://www.voxeljet.de/additive-fertigung/case-studies/architektur/mit-3d-druck-effizienter-zur-komplexen-betonschalung/
https://www.voxeljet.com/additive-manufacturing/case-studies/architecture/3d-printing-makes-complex-concrete-formwork-more-efficient/
https://www.voxeljet.com/additive-manufacturing/case-studies/architecture/3d-printing-makes-complex-concrete-formwork-more-efficient/
https://www.voxeljet.com/case-studies/architecture/pillar-project-doka/
https://www.voxeljet.com/case-studies/architecture/pillar-project-doka/
https://www.voxeljet.com/case-studies/architecture/the-voxeljet-company-stone/
https://www.voxeljet.com/case-studies/architecture/the-voxeljet-company-stone/
https://www.voxeljet.com/
https://www.voxeljet.de/case-studies/architektur/mit-3d-druck-effizienter-zur-komplexen-betonschalung/
https://www.voxeljet.de/case-studies/architektur/mit-3d-druck-effizienter-zur-komplexen-betonschalung/
https://www.voxeljet.com/case-studies/architecture/intelligent-3d-printed-concrete-formwork/
https://www.voxeljet.com/case-studies/architecture/intelligent-3d-printed-concrete-formwork/
https://www.voxeljet.com/case-studies/architecture/column-cladding-sl-rasch-gmbh/
https://www.voxeljet.com/case-studies/architecture/column-cladding-sl-rasch-gmbh/

263.Vrchot a, Jarosl av, Petr FehoS, Qftcali ka Ma
Success Factors of the Project Management in Relation to Industry 4.0 for
Sustainability = of  Projects Sustainability  13(1):281.  Available  at:
https://doi.org/10.3390/su13010281

264. Wal t er , Manfred, Jan Hol Rapid m&nafactaringdandd a n n u
its impact on supply chain managemeRtoceedings of the Logistics Research
Network Annual Conference 20.

265. Walczuch, Rita, Jos Lemmink, Sandra Streuke?2@07. The Effect of Service
Employee§ Technology Readiness on Technology Acceptamti@rmation &
Managemend4 (2):206215.

266. Wang, Shou Qing, Mohammed Fadhil Dulaimi and Muhammad Y ousuf Aguria. 2020.
Risk management framework for construction projects in developing countries.
Construction Management and Economics 22 (3):28Z. Available at:
http://dx.doi.org/10.1080/0144619032000124689

267. Weller, Christian, Robin Kleer and Frank T. Piller. 20EBonomic implications of 3D
printing: Market structure models in light of additive manufacturing revisited.

International Journal of Production Economics 168563

268. wikiHow. How to Write a Management Case Stu@®8" May 2023) wikiHow.
Available at: 5 Ways to Write a Management Case StudikiHow

269. Wi r t h, Axel , Fal k W¢ r f e | Bechtagnuddlagént d@e$ a n B
Architekten und IngenieurSpringer 328332.

270. Wohlin, Claes. 2014Guidelines for snowballing in systematic literature studies and a
replication in software engineerindCM International Conference Proceeding Series.

271. World Economic Forum. 2018 he Global Competitiveness Rep@ivitzerland.

272. Wu, Peng, Jun Wang and Xiangyu Wang. 204 &ritical review of the use of-B
printing in the construction industnAutomation in Construction 68:231. Available
at: http://dx.doi.org/10.1016/j.autcon.2016.04.005

273. Xu Jie, Lieyun Ding and Peter E.D. Love. 20Digital reproduction of historical
building ornamental components: From 3D scanning to 3D printhgomation in
Construction 76:896.

195


https://doi.org/10.3390/su13010281
http://dx.doi.org/10.1080/0144619032000124689
http://dx.doi.org/10.1016/j.autcon.2016.04.005

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

Xu, Xun, Yugian Lu, Birgit VogeHeuser and Lihui Wang. 202industry 4.0 and
Industry 5.@ Inception, conception and percepti@dournal of Manufacturing Systems
61:530 535. Availabe athttp://dx.doi.org/10.1016/].jmsy.2021.10.006

Yang, JyhBin and SherFen Ou. 2008Using structural equatiori96odelling to
analyze relationships among key causes of delay in construC#sradian Journal of
Civil Engineering 35:4. Available altittps://doi.org/10.1139/LGZ01.

Yates, Janet K. and Swagata Guhathakurta. 1883 national labor productivityM
Cost Engineering, Morgantown 35(1):-25.

Yeh, C.C. and Y.F. Chen. 2018ritical success factors for adoption of 3D printing.
Technological Forecasting and Social Change 132:21®

Yu, Z. 2002.Integrated risk management under deregulation. Power Engineering

Society Power Engineering Society Summer Meeting 3:12%65.

Yu, Zhang. 20193D-printed @ancient bridgéput to use in TianjinChina Daily 1017.
Yuan, Hongping and Liyin Shen. 201TIrend of the research on construction and
demolition waste managememaste Management 31 (4):6809. Available at:
https://doi.org/10.1016/j.wasman.2010.10.030

Yuan, Hongping. 2013.A SWOT analysis of successful construction waste
management. Journal of Cleaner Production 3B8L Available at:
http://dx.doi.org/10.1016/}.jclepro.2012.08.016

Yuan, Hongping. 201Barriers and countermeasures for managing construction and
demolition waste: A case of Shenzhen in Chinarnal of Cleaner Production 157:84
93. Available athttps://doi.org/10.1016/}.jclepro.2017.04.137

Zahra, Shaker A. and Anders P. Nielsen. 208Burces of capabilities, integration and
technology commercializatiotrategic Management Journal 23 (5)13398.

Zahra, Shaker A. and Gerard George. 2008bsorptive Capacity: A Review,
Reconceptualization, and Extensigkcademy of Management Review 27 (2):185
203.

Zhang, Jing and Behrokh Khoshnevis. 20@Btimal machine operation planning for

construction by Contour Craftingautomation in Construction 29:567.

196


http://dx.doi.org/10.1016/j.jmsy.2021.10.006
https://doi.org/10.1139/L07-101
https://doi.org/10.1016/j.wasman.2010.10.030
http://dx.doi.org/10.1016/j.jclepro.2012.08.016
https://doi.org/10.1016/j.jclepro.2017.04.137

286. Zhou, Wei, Jennifer Whyte and Rafael Sacks. 2@dhstruction safety and digital
design: A review Automation in Construction 22:10P11. Available at:
https://doi.org/10.1016/j.autcon.2011.07.005

197


https://doi.org/10.1016/j.autcon.2011.07.005

ANNEXES

Annex A: Project Cabana

Questionnaire / interview

1) How familiar is
your team and you
personally with the
topic of 3D printing in
construction and what
do you think
subjectively about it
(advantages,
disadvantages,
obstacles,

chall enges

Augsburg: About the only experiencéde had with 3D printing
was during college, when we occasionally used it to produce
architectural models. No experience on a larger scale
whatsoeverThe same applies to the rest of my te@me
advantage that | can see is in prefabrication. As soon as the
details are determined and digitized, you will be abl&e¢prind
the building as often as you wish. And, the more times you [
it, the more cosefficient the project gets. A disadvantage mig
be that the building dimensions are restricted toehelr of the
printer.

Zagreb: While | have seen 3D printing of small models or sn
parts of larger objects, | have not yet withessed 3D printing (
firegularsized building. This is applicabldor the entire team a
well. However, | would imagine that the biggest advantages
the modelling flexibility, which is a great benefit for architects
The disadvantages could be construction related igswpso
make reinforced concrete with 3D printjnd/laking
construction faster and improvimgsulation properties will be
one of the challenges.

2) Did you hadany
experience with
building permit
documentation /
producing of

the documentation for
3D printed objects so
far? If you had
experience, what stage
was it at (conceptual,

start of construction,

Augsburg: No, we have very limited experience with building
permit documentation for such constructions. Nonetheless, i
part of a project, the client was interested in the construction
3D-printed, 25 cm thick, wavy polycarbonate sheet plastic
prefabricatedd - a d e . For this actio
benefit analysis, the costs definitely outweighed the benefits
the client was still only motivated by the desire for innovatior
and presentation. Sadly, this remained only at the design st
(meresketches). The main problem was that just for this
particular project it was necessary to construct a unique and
specialized 3D printing machine.

Zagreb: So far, we did not have any previous experience wit
the permit documentation of 3printed entities or the




completed

construction)?

preparation of such documentatiéde suspect that there will b
a lot of calculation issues when creating the mechanical stre
and stability related documents.

3) When designing
building permit
documentation
benchmarked to
traditional construction
what would you pay
specific attention to in
terms of mechanical
resistance and
stability?

Augsburg: In our estimation, the building per se does not
appear to be mechanically sophisticated. In terms of statics,
also afisimpled building. The only thing we d@hknow is how
the roof will be 3D printed. Within our projects, we have ofte
debated the option of permitting and constructing flat roofs f
small scale buildings like this. But considering some-size
comparable examples (e.g., student bungalows at the
AOlympiastadion, Munich), we suppose that it wirbe a big
challenge either.

Zagreb: When preparing building permit documents regardir|
the mechanical strength and stability of-BBnted buildings, it
becomes a more serious issue to calculate them as it is not
material of standard and it has different compression and tel
strengthsso there are going to be some difficulties in specify,
the safety factor. In addition, there are issues with the bounc
conditions in the calculations.

4) When designing
building permit
documentation
compared to classic
construction,

what would you pay
particular attention
regarding the fire
safety?

Augsburg: In order to build in Munich and/or Augsburg, the
construction must comply with all the requirements of the
fiBayerische BauordnungBavarian Building Code). On first
sight, we doi perceive any difficulties in this case. The
emergency exits are in place and the used materials are not
flammable.

Zagreb: The problems with fire safety, in our opinion, are no
the field of evacuation, but in the fire resistance classificatiot
materials and the fire supporting on the surface, unless it is
strictly specified for the material from which the building is
composed.

5) When designing
building permit
documentation
compared to traditional
construction, what

would you pay

Augsburg: We dorit see any distinction from traditional
construction when the building is complet&dt, if you want to
deal with environmental issues, we believe you have to com
them during the construction phase and in the materials use
Nevertheless, some questions must be answid'gdhat is the
expected lifespan, what is the embodied energy of extruded
concrete in comparison to regular concrete, ela tis




particular attention to irl particular projegtwe should consider comparing it with a
terms of hygiene, wooden structure, which is much more environmentally frien
health and the and would be the classic material for building such a cottage
Zagreb: There is no real difference we see betweerp8bted
buildings and conventionalildings becausbkygiene, health

environment?

and the environment are linked more to the installations rath
than to the construction. Thus, we presume that the water al
sanitary installations will be performed in the conventional w
just as in traditional building.

6) When designing Augsburg: A more detailed analysis is required hexgy.,of
building permit what? Of the noise coming in or going out? Or of the room
documentation acoustics inside? Sound waves bounce off hard materials.

compared to classic Consequently, if soft materials such as curtains, carpets, et
not being used, we can assume that the acoustics in the rog
rather bad. Protection from surrounding noise is accomplishg
with the proper windows and doors, which should not be a

problem and has nothing to do with 3D printing.

construction,
what would you pay
particular attention to i

terms of noise Zagreb: In our opinion, there could be some issues in definir

protection? the technical properties of the materials from which the hous
made. Therefore, we could have problems with the noise
protection classification. There could possibly be problems v
impact noise Wen someone walks on the upper floor, but as
house has only one floor, there Wibbe that type of problem.

7) When designing Augsburg: Ités not obvious to us why a 3frinted building
building permit should be anything different, at least in terms of the proceduy
documentation As for classification, it is still a huge obscurity.

Zagreb: Technical regulations are a big concern when we ug
new, nonclassified materials, particularly when we @dmave

compared to classic

construction, _ o
materials data and have to calculate whether the building

what would you pa : , , :
you pay complies with all keytechnicalrequirements.

particular attention to ir
terms of technical

regulations?

8) How much do you | Augsburg: In the city administration, we darthink the people
think the people within| have any prior experience at all. Nor do we think they need |
have. During the building permit process, they only neeed

inspections are:Does the building comply with the zoning pli




the city administration
are familiar with

the topic and what
potential problems /
obstacles they might
point out in relation to
the traditional
construction of the
building?

(development plan: usable area, floor area, residential units,
etc.)?i Does it fit into the surroundings (the flat roof and the
round corners could pose a potential problem in this case)?
How is the building connected to water, electricity and sewe
etc?

Zagreb: Actually, we doidt think the people in the city
administration are acquainted with this issBe,any difference
that arises that is not the identical to traditional construction
becomes a big administrative problem, as they probabl§t dor
know how to categorize the building and whilis not grant us g
building permit.

9) Do you expect
additional costs for the
preparation of the
building permit
documentation in
relation to the
traditional construction
and if so, what justify
the

discrepancy?

Augsburg: We dorit expect that, although a detailed analysis
all potential problems should also be carried out before the
submitted, that is, before the contract is agreed to. But we d|
there would be approvalt all considering all the ambiguities
(except withgreat efforts, and additional efforts are associate
with additional cosfs

Zagreb: In case an investor comes to our office and asks us
provide the building permit documentation for a-Binted
building, we are not confident about what the price would be
and we would probably reject it. Now, if we had to quote for
type of documetation, the price would b®ughlydoubled from
the normal price for conventional documentation. The reaso
we would justify this is the fact that it takes a lot more time tc
create the documentation in a Apaditional manner, and it als|
requires a lbof time to determine all of the necessary standa

10) What kind of future|
do you expect for 3D
printing in the
construction industry,
and do you think it may
play a more significant
role in the real estate
market in the near
future (by 2025)?

Augsburg: Reinforced concrete is the least sustainable build
material. Therefore, we hope that the construction industry v
find a way better. 3D printing could be more eeffective from
an economic point of view if it is used repeatedly, as is the ¢
with modular constructions.

Zagreb: Until 2025, we dod anticipate that it will have a
considerable impact in Croatia, but perhaps one day it will b
standard in our country due to the faster construction.




Annex B: Project Organization Structure

Case studies 3D printing process questionnaire

1) What are the
advantages and future
potential for 3D
printing based on
conclusions from this
case study?

Leipzig: The 3Dprinted formwork panels have become even
better embedded in the procassjuence than traditional
formwork. Digital creation of the data enables functional
integration, such as screw holes, tonguetgroove joints, and
so forth. Even more time is saved when the formwork is beir
assembled. Formwork for the most complex pathe staircase
was put together in a half of hour. Between the formwork an
the panel, a joint gap of only 1 mm was achieved, which is n
usually achievable. Considerably less rework was needed (j|
is siliconized in a single step). Due to the fact tha casting
quality was so good, there was no discernible distinction
between traditional and 3D printed formwork panels.
England: Mass adjustment of building structures (e.g. structt
with optimized topology, etc.)

Arizona: Albeit still very theoretical, automation is extremely
critical as there are less and less qualified workers on the
construction site. From firdtand experience, there are
increasingly fewefiusabl® workers on the construction site,
both in labourer and management roles and perspectives. A
the tools of automation, the shortage of housing is gming
become an insurmountable issue. Solving this problem is thg
future promise of 3D printing technology.

2) What are possible
further research &
development steps
based on this case
study?

Leipzig: Optimization of the casting preparation process,
infiltration T grindingi painting.

England: Upcoming evolution of 3D printing technology will
be based on product quality control, including material
rheologicalcontrol, geometric and dimensional conformance,
structural output, etc., so as to realize customized mass
manufacturing with more reliable and predictable qualities.
Arizona: R&D in all aspects and in all senses is necessary
(software, materiald)ardware, etc.).

3) Overall, what were
the biggest challenges

in this project?

Leipzig: Design of the triple curvature of the stairs without
discoloration of the concrete. Installation at the construction




England: Assure that the geometry atige dimensions of the
single elements are inside the tolerances and that the whole
assembly is accomplished.

Arizona: Most challenging was to think outside the box,
because here again we are dealing with a classic example ¢
technology and existing/old paradigms, naturally resulting in
weakerthanexpected outcome.

4) For which
application areas can
3D printing be
recommended based @
conclusions from this
case study?

Leipzig: Complicated formwork components.

England: 1) Any fields thatdemand adaptation of forms, such
as urban furniture, the infrastructure, optimized structures et
2) Remotecontrolled building in extreme environments such
outerspace.

3) Building affordable housing on site

Arizona: Each unigue/complezoncrete form that will
necessitate unique/customized formwork should strongly
consider 3D printed concrete as an excellent alternative.

5) What are the greate
strengths and the
greatest weaknesses @
3D printing for concrete
casting based on this
case study?

Leipzig: Huge cost and time reduction. It would not have be
possible to reproduce the triple curvature with this level of
precision using traditional methods. Furthermore, the printec
formwork elements are weathessistant and could be exposel
to wind and bad wagher conditions without altering their
characteristics. And the surface is scrates$istant, so no
deformation arises when concrete is poured (during
compression)No weaknesses worth mentioning were identifi
here.

England: Strength: Freéorm, economical omaterials.
Weakness: surface finish, early capital investment in-high
quality equipment and specialists (operators).

Arizona: The automation sought is a strength (potentially a
solution to the manpower deficit issue), while the current deg
of automation is a weakness (it is merely not sufficiently high
To summarize, automation is invariably a strength, whereas
level of uman input is a weakness. However, the balance
between these two factors is here still comparatively

disadvantageous.




Case studies Project organization structure responses

9) How should the
example of idea
project team for
construction
projects that use
3D printing
technology look
like and what is
the ideal
composition of
the project team
members?

Leipzig: During the realization, the main role is shared betw
the concrete technologist in cooperation with the structural
engineer and the printer operator/manufacturer.

The boundary between 3D printing and traditional constructi
is delineated by these three. A concrete technologist in relat
to the performance of the material, a structural engineer in
relation to the requirements / lohearing capacity of the
componat to be printed, and thgrintero in relation to what it
can achieve from a construction logistical and machine
engineering point of view. Together, they form the nucleus g
the team.

England: Discussing about successfully marketed concrete
printing firms, it can be deduced that a proper project team
should be formed by experts with various backgrounds, covi
materials, civil engineering, CAD/CAM/robotics, mechanical
and production engineegnbuilding services engineering,
construction management, etc.

Arizona: Again, the issue is that we can only make assumpt
Given the particularities of the individual projects and the
absence of benchmark cases, it is hard to reach any overall
conclusions.

2) What is the main
difference between the
role ofthe client / the
investor in projects thaf
use 3D printing
technology compared t
the conventional
method of
construction?

Leipzig: An investor makes an investment in a property. His
primary interest ultimately consists of the economic creation
theproduct and the added value that can be attained as a re
England: Fewer subcontractors are involved, and managing
project is more straightforward because one 3D printing
company most likely handles the entire job.

Arizona: It differs in the facthat in this case the investor has
buy or rent a 3D printer, which obviously is the main compor
of such a project. Nevertheless, in this case it is not a projec
profit, but a clear learning target was followed, which is
different from the commonbjectives of traditional constructiol
projects.

3) What is the main
difference between the
role of the project

Leipzig: Will have less margin to improvise. Clearly defined
procedures exist (see above) which necessitate more exten




manager / construction
manager in projects thg
use 3d printing
technology compared t
the conventional
construction method?

pre-planning. Planning during the construction phase will als
most likely not be possible anymore.

England: Depending on two sets of circumstances:

1) In-situ printing project ossiteT more managing of machiner
and equipment than peopienagement.

2) Offsite printing + onsite assemlilynore emphasis on supp
chain and logistics in this case.

Arizona: The project managés role is usually to coordinate,
only in this case in addition to coordinating the aspects of
engineering that some of the subcontractors are likely to hay
not seen previously. Moreover, almost each company
participating in this worksite has its own prcjenanager, so it i
very hard to generalize their role.

4) What is the main
difference between the
role of the architect in
projects that use 3D
printing technology
compared to the
conventional way of
building?

Leipzig: More research will be required of the architect up frc
than just designing and drafting. There will be a significant
increase in the extent of ppéanning.

The outcome will have to be ready (including feasibilities)
before tendering. There will be more need for advance feasi
and state of the art expertise to be integrated into designs.
England: fiDesign for Manufacturing/Printirigs the key
distinction. In fact, the architects may be dominant of a whol
project, as their design should already incorporate the realiz
of the printing procedure, or rather, architects are actually pd
a fimanufacturer/constructar
Arizona: Being aware of the printés capabilities, the architect
must be able to translate them into practice by using them o
rendering. However, not every axis could be printed precisel
our imagination/design§o, in this instance, the architect nee
to be conscious of the physical boundaries of 3D printers rig
from the beginning.

5) What is the main

difference between the
role of thestructural

engineelin projects that
use 3D printing
technology compared t
the conventional

Leipzig: The structural engineer will still need to prove the
structural stability. He will however require precise data from
the concrete technologist and cannot rely on normal referen
values in the same manner. If necessary, he will determine t
bedding strenitps that the concrete technologist needs to rea
in the formulation of the additives.




method of
construction?

England: Most likely, there would be no significant distinctior
Anyway, all the requirements for the mechanical strength an
stability of the construction have to be satisfied.

Arizona: There is presently no distinction in the manner in
which a structural engineer treats a-Biinted house as oppose¢
to a traditionally constructed building, as all projects will alwsx
involve some sort of conventional structural design (e.g., vel
loading, column load capacity calculation, etc.). Thus, structt
engineers do not pay much attention to the-lo@aking capacity
of the printed walls itself, since in this case they serve only &
fiformworko for everything else. Thigformworko, however,
must fulfil all the technical specifications as well as the conci
in the conventional formwork (together with the reinforcemel
That role should be customized, nonetheless, and there shg
a new way of checking structural adequacy; the basic cylind
testingthat structural engineers typically perform is just not
enough. This is another area where there is a cry for a paraf
shift that has yet to take place, and the question remains as
when it will occur.

6) What is the main
difference between the
role of the quantity
surveyor / project
supervision in projects
that use 3D printing
technology compared t
the conventional
method of
construction?

Leipzig: Logistics and construction operations are going to b
impacted considerably. The supply and traffic areas related
the different elements, i.e., what is printed and what is
traditionally constructed, will necessitate more planning of
construction sequens and construction workflows. Regardini
the construction process, the printer will affect the conventio
building procedure by obstructing the traffic routes for its ow|
material supply, etc. As a result, it will be more challenging t
alter the workflov. So,the importance of projesupervisions
much more important than in traditional construction.
England: Much like the answer to question 3) above. The
management of machinery and equipment is more importan
than the management of people, and the emphasis is place
on the supply chain and logistics, as reflected in the duties ¢
project control.

Arizona: No particular difference is observed. All risks,
precautions and methods that should be observed in any otl
case must also be considered in this case.




7) What is the main
difference between the
role of the contractor /
main contractor in
projects that use 3D
printing technology
compared to the
conventional method o
construction?

Leipzig: There are two areas of additive manufacturing that |
relevant to the contractor here:

9) Printing of structures (3D printing of concrete or relate

compounds):

In this case, it is assessed that the contractor will need to
considerably extend his skills and area of specialization or
externally acquire this knowow. The contractor will become
more of a machine operator and will also take ontasks
(installationof lintels, etc.).
The traditional construction process in connection with site
logistics is going to be completely changed. An essential poi
will be that times will have to be divided into printing times al
handoperated postprocessing. For example, printing periods
could take place at night with an operator, while the required
finishing work is carried on during the day. Example: 3D
printing is applied to generate walls one floor at a time. The
height is then printed at night, while installations and insulati
work are performed in the daytime. System downtime is not
option, considering the high cost of the printer, to guarantee
economically viable building operation in the end.
2) The printing of construction tools and prefabricated parts:
There are basically no longer any limitations here as far as t
design of geometries is considered. Merely the expertise is
transferred from the person performing the work to the desig
who engineers the prefabricated parts in 3D. Various cratft sl
are thus no longer as relevant.
High efforts for lowproportion detailed solutions (see also
Pareto principle) must no longer be carried out in a handicra
work in a timeconsuming manner, rather they can be purchz
or manufactured on a projespecific level. Among these is, fo
exanple, the entire area of smlled integrated formwork:
printed prefabricated concrete components that are tradition
casted and that are left in the building structure.
England: Main contractaois role wor@ fundamentally shift he
will still be in charge of project design and construction
management. Yet the substance of his job may alter througk
use of 3DP methods,g.,by subcontracting to a 3D printing




company or by purchasing (buying/renting) equipment or
services from a professional 3D printing company for the
execution of the activities.

Arizona: As a matter of fact, the contraaierole is in many
respects quite like that of the project manager. The distinctiv
feature, again, is that it is a specific and singular type of
structure for which even the contractor, regardless of his gel
level of expertise, is unlikely to have argferential knowledge
of those specific set of conditions.

8) Regardless of the
project team, what is
theimpact of changing
the construction metho
from a standard metho
to projects that use 3D
printing technology in
the context of the
manpower necessity?

Leipzig: The job qualification transforms from skilled
construction worker/assembler to machine operator/service
mechanic.

England: There will be an acceleration of the transformation
the profession and/or the employment of the laborers on the
construction site.

Arizona: 3D printingds true potential is not yet adequately
specified nosufficiently materialized, sod also only
guesswork to speak of what will occur with the demand for
workforce. Though the tendency is to automatize the whole
procedure, we are far from achieving that yet.

9) What is the
difference in terms of
project team costs,
manpower costs and
suppliersd
projects that use 3D
printing technology
compared to standard
construction?

Leipzig: Costs are going to transfer from construction
manpower to suppliers and project management. Since plar
walls will be considerably larger, this is also probably the fiel
where the biggest growth will occur.

England: Increased costs for the projeéeam butdecreased
costs for manpower and suppliers.

Arizona: Getting an exact figure of the costs is not possible,
firms in such cases are still fighting to attract investors. Besi
this project utilized many volunteers and laborers who were
working unpaid, which makes it impractical to get an exact
sense of the costs on the scale of a conventional constructig
site To summarize, there is no accurate cost for g8ted
house as there is no possibility to buy one at a specific price
from a company using the default method, rather it is invaria
a unique experiment. Apart from that, the price of selling or
buyingsuch house is also always significantly higher (about
40%) than the price of a conventional building.




Annex C: fiConstruction 5.00.

Impact Code | Measurement | Reference| Clarification | Case study 1Ii | Case study 2 | Case study 3 | Case study 4
Dimension items Stairs Leipzig | Bridge Tianjin, | Smart Slab I Integrated
China Funicular
Slab
Increased ES
Environmental | ES1 | Reducing CO2| (Hajeket | In Opinions and | Opinions and | Opinions and | Opinions and
Sustainability emissions al. 2011, | comparison | explanation explanation explanation explanation
13 with No comparable Not recognized | Reduction of Reduced total
traditional data were 3 incorporated emissions
construction | provided.(3) CO2 through through
and to what functional functional
degree. hybridization, hybridization
i.e.,the use of
structural recycled and
concrete slab is | biodegradable
also the finished materials,
slab surface. efficient
See: Agusti building
Juan et al. systems, etc.

AEnvironmental
assessment of
multifunctional
building
elements
manufactured
with digital

©®)




fabrication

technologyfi (5)

ES2 | Reducing (Hajeket | In Opinions and | Opinions and | Opinions and | Opinions and
Carbon al. 2011, | comparison | explanation: | explanation: explanation: explanation:
Footprint 13 with No comparable Not recognized | Similar as Reduced

traditional data were 3) above, carbon
construction | provided.(3) comparable footprint by
and to what carbon footprint | using recycled
degree. to a aggregates
conventional and cement,
ceiling, but the | biodegradable
carbon footprint| bio-based
is reduced when formwork,
a suspended potentially
ceiling is being | inorganic
contemplated. | foam, etc(4)
4)

ES3 | Reducing (Hajeket | In Opinions and | Opinions and Opinions and Opinions and
energy al. 2011, | comparison | explanation: | explanation: explanation explanation
consumption | 13) with No comparable Not recognized | Zero reduction | Reduced

traditional data were (3) in operating operating

construction | provided.(3) energy.(3) energy thanks

and to what to an

degree. improved
chilled beam
HVAC system
incorporated
in the ceiling.

(4)




ES4 | Reducing watel (Hajeket | In Opinions and | Opinions and | Opinions and | Opinions and
use al. 2011, | comparison | explanation explanation explanation explanation
13 with No comparable Not recognized | The decreased | No distinction
traditional data were 3 w/c ratio for (3)
construction | provided.(3) HPFRC may be
and to what interpreted as a
degree. decrease in
water
consumption.
(4)

ES5 | Reduang (Hajeket | In Opinions and | Opinions and | Opinions and | Opinions and
construction al. 2011, | comparison | explanation explanation explanation explanation
time 13 with Considering | The shortening | Quicker than Comparable tc

traditional the formwork | of construction | conventional atraditional
construction | planning, the | time commonly | castin-place In-situ cast
and to what | total time includes the concrete slab.(3)
degree. factor could be| elimination of | construction, yet

decreased by & formwork similar to the

factor of 10
thanks to a
continuous
digital data
chaini
particularly for
complex
freestanding
shapes(5)

preparation and
the reduced
construction
process in
comparison to
casting. With
offsite 3D
printing, time
can even be
saved by
conducting 3D
printing of
components ang
founddion work

less commonly
used precast
concrete
construction
technique(4)




in parallel on
site. (5)




ES6

Waste
generation
reduction

(Hajeket
al. 2011,
13)

In
comparison
with
traditional
construction
and to what
degree.

Opinions and
explanation
The 3D
printing is an
additive
process in
which the
material is
applied exactly|
where it is
required.
Traditional
production
methods are
mostly
subtractive ang
therefore
generate waste
However, 3D
printed
formwork is
presently being
used for
complex free
form
geometries,
usually only
required for
the production
of a single
concrete
casting.

Opinions and
explanation
With 3D
printing, the
material can be
perfectly
positioned and
formed into
lightweight
shapes(5)

Opinions and
explanation
Much like a
traditional
construction
technique for a
singular
concrete
component(3)

Opinions and
explanation
Reduced costt
compared to a
traditional
tailored
ceiling, asthe
formwork and
concrete are
both
recyclable.
The insulation
material might
also be
advanced by
the application
of nonorganic
foams.(4)




Repeated
usage of
printed
formwork is a
possibility, but
after being
used, the
printed
formwork
components
are hazardous
waste in the
actual method
of
manufacturing.

(4)




ES7 | Using local (Morelet | In Opinions and | Opinions and | Opinions and | Opinions and
materials al. 2001 comparison | explanation: | explanation explanation explanation
' " | with The fvo Onsite 3D Comparable Better than
1119). traditional opensource printing of with a traditional
construction | manufacturing | structures traditional new concrete.
and to what | approach enables the method.(3) Recycled
degree. enables clients| utilization of aggregates
to use their local materials were obtained
locally (e.g., sand, from locally
produced sand gravel, etc.) as demolished
material for aggregate for th projects.(3)
printing once it| printing
has been formulation,
properly which is
specified.(4) especially
beneficial for
isolated, under
developed
regions.(4)
Impact Code || Measurement | Reference| Clarification | Case study 1i || Case study 2 || Case study 3 | Case study 4
Dimension items Stairs Leipzig | Bridge Tianjin, | Smart Slab I Integrated
China Funicular
Slab
Increased CS
Construction CS1 | Redudng (Tamrin Viruses, Opinions and | Opinions and | Opinions and | Opinions and
Safety biological and bacteria, explanation explanation explanation explanation
hazards Yussof insects, No comparable Not recognized | No distinction. | No distinction.
2014, 55). | animals, etc.,| data were ©)] 3 3
which could | provided.(3)
have harmful
impacts on

health.E.g.,




mold, blood
and other
body fluids,
noxious
plants,
sewagedust,
and vermin.

CS2

Reduang
chemical
hazards

(Tamrin
and
Yussof
2014, 55).

Hazardous
substances
that can
cause both
health and
physical
consequence
, such as skin
irritation,
respiratory
irritation,
blindness,
corrosiveness
and
explosions.

Opinions and
explanation

No comparable
data were
provided.(3)

Opinions and
explanation
Not recognized

3)

Opinions and
explanation

No distinction.

3)

Opinions and
explanation
No distinction

©)

CS3

Reduadng
ergonomic
hazards

(Tamrin
and
Yussof
2014, 55).

A result of
physical
factors that
can lead to
musculoskele
tal injuries.
E.g., a badly
arranged
workplace in

an office, bad

Opinions and
explanation

No comparable
data were
provided.(3)

Opinions and
explanation:
Not recognized

3)

Opinions and
explanation:

No distinction.

3)

Opinions and
explanation:
No distinction.

©)




body posture

and handling
manually.

CS4 | Reduding (Tamrin Repetitive Opinions and | Opinions and | Opinions and | Opinions and
psychosocial | and motions, explanation explanation explanation explanation
hazards Yussof inappropriate| No comparablg Not recognized | No distinction. | No distinction

2014, 55). | workplace datawere 3 3 3
setup, provided.(3)
inadequate
equipment
design,
workplace
(posture) or
workflow,
handling by
hand, etc.

CS5 | Redudng (Tamrin Factors that | Opinions and | Opinions and | Opinions and | Opinions and
physical and can cause explanation explanation explanation explanation:
hazards Yussof harmto a Freeform Every physical | Improvement of| Enhancement

2014, 55). | worker while | geometries car| hazard is the of
not be specified in reverberation | reverberation
necessarily | manufactured | relation to the | time and the time and
touching muqh more wprkers on site. general acoustid overall
them, for straightforward Sl_nc_e 3D quality of a acoustic
exgmple, _ and to a great | printing offers room with no quality of a
height, noise,| degree an automated dditional
radiation, automated manufacturing/c additiona room
pressure, with 3D onstruction suspended eliminating
slippery printing. process, hands | ceilings. The | the need for
floors, Nonetheless, | on work has room acoustic | extra
objects on | post been minimized, characteristics | suspended
walkways, processing except for the | may also be ceilings.




unsafe or requires a lot | operating the additionally Better thermal
misused of handwork, | printing improved by comfort for
machinery, | butaltogether | machines itself, | custom ceiling | the residents
poor lighting, | 3D printing is | which leads to & designs(4) through
fire, etc. likely to be redU(_:tlon in optimization
!ess Ia_bowr physical hazards of the chilled
intensive than | (e.g., related to beam HVAC
traditional formwork). (4) (heatin
formwork tng,
manufacturing ventilation,
techniques for and air
freeform Conditioning)
shapes(4) system(4)
CS6 | Redudng (Tamrin Mental Opinions and | Opinions and | Opinions and | Opinions and
mental fatigue | and fatigue explanation explanation explanation explanation
of workers Yussof threats 3D printing Because 3D No distinction. | No distinction
2014, 55). | encompass | makes it much| printing offers | (3) (3).
anything that| simpler to an automated

can
negatively
impact an
employee's
mental health
or welk
being. For
example,
sexual
harassment,
victimization,
workplace
stress and
violence,

generate free
form
geometries,
and it's mostly
automated.
However, therg
is still a lot of
manual work
involved in
post
processing, bu
overall, 3D
printing is

probably less

manufacturing/d
esign process,
handson work
(e.g., formwork,
casting, foundry
etc.) other than
operating the
printing
machines has
beenreduced to
a minimum,
leading to
decreased levels




night shifts, | labour of mental
etc. (X) intensive than | fatigue.(4)
traditional
methods of
producing
formwork for
freeform
geometries(4)
Impact Code || Measurement | Reference| Clarification | Case study 1- || Case study 2 || Case study 3 | Case study 4
Dimension items Stairs Leipzig | Bridge Tianjin, | Smart Slab - Integrated
China Funicular
Slab
Increased CT
Compatibility CT1 | Compatibility | (Chunet | In Opinions and | Opinions and | Opinions and | Opinions and
(Technology) with loT al. 2018, | comparison | explanation explanation explanation explanation
397 with As a digital 3D printers and | No distinction. | No distinction.
(Darwish | traditional manufacturing | all associated | (3) 3
et al construction | technology, hardware can be
2021, and to what | binderjetting | fitted with
196). degree. (3D printing) | sensors to be
may be integral to the
incorporated | whole IOT
into an lloT construction
environment. | system.(4)
(4)
CT2 | Compatibility | (Chunet | In Opinions and | Opinions and Opinions and Opinions and
with Big Data | al. 2018, | comparison | explanation explanation explanation explanation
397 with No comparable Not considered. | No distinction. | No distinction.
(Darwish | traditional data were 3 3 (3
et al construction | provided.(3)




2021, and to what
196). degree.
CT3 | Compatibility | (Chunet | In Opinions and | Opinions and | Opinions and | Opinions and
with BIM al. 2018, | comparison | explanation explanation explanation explanation
397 with This could be | One finalized No distinction. | No distinction.
(Darwish | traditional feasible, but |ideaistouse | (3) 3
et al construction | the formwork | BIM models to
2021, and to what | components | generate 3D
196). degree. need to be printing
digitally machine
customized to | toolpaths, which
work with 3D | should be the
printing. futuredirection
Completely of development,
digital although there
planning is are new entities
however a and regions that
possibility.(4) | must be
delineated in
BIM to reflect
the 3D printing
system and
process(4)

CT4 | Compatibility | (Chunet | In Opinions and | Opinions and Opinions and Opinions and
with Cloud al. 2018, | comparison | explanation explanation explanation explanation
Computing 397 with No comparable Not considered.| No distinction. | No distinction.

(Darwish | traditional data were 3 3 3
et al construction | provided.(3)

2021, and to what

196). degree.




CT5 | Compatibility | (Chunet | In Opinions and | Opinions and | Opinions and | Opinions and
with Artificial | al. 2018, | comparison | explanation explanation explanation explanation
Intelligence 397; with In terms of Al is applied to | No distinction. | No distinction.
(Darwish | traditional process decision 3 (3)
et al construction | stability and making. Thus,
2021, and to what | improvement, | there are two
196). degree. Al could stages of 3D
conceivably be printing where
applied.(4) Al can be
utilized:
optimization of
tool path
planning and
on-site collision
prevention for
3D printing
robots.(4)
Impact Code || Measurement | Reference| Clarification | Case study 1- || Case study 2 || Case study 3 | Case study 4
Dimension items Stairs Leipzig | Bridge Tianjin, | Smart Slab - Integrated
China Funicular
Slab
Increased RE
Resilience RE1 | Resilience for | Bosheret | Georisks and Opinions and | Opinions and | Opinions and | Opinions and
natural hazards al. 2007, | hydrometeor | explanation explanation explanation explanation
163). ological Not specified | Not recognized.| No distinction. | No distinction.
hazards. ©)] 3 3 3
RE2 | Resilience by | (Mantha | Critical Opinions and | Opinions and | Opinions and | Opinions and
CyberSecurity | and Soto | infrastructure| explanation explanation explanation explanation
challenges and| 2018, 1; | security, Not specified /| Not recognized | No distinction. | No distinction.
vulnerability CompTIA | Application | considered(3) | (3) 3 3
2022, 1) | security,




Network

Security,
Cloud
Security,
Internet of
Things (IoT)
Security.

RE3 | Robustness (NIAC The Opinions and | Opinions and | Opinions and | Opinions and

2009, 8) | capability to | explanation explanation explanation explanation
maintain 3D printing 3D printing addg Like a Slightly
critical enables efficiency and | traditionalpost | higher
operations decentralized | mobility to the | tensionedslab. | susceptibility
and functions produ_ction construction 3 to_catastrophic
in the event | EVeNin labour | process. Printed failures
¢ o intensive structures because of the

ot a crisis industries. affected by compression
(the building | gince no tools | natural disasters only system.
itself, etc. are can be reprinted 4
infrastructure | required, the | anytime,
constructior+ | necessary anywhere(4)
office formwork can
buildings, be printed and
power reprinted
generation, | Whenever
distribution | needed(4)
structures,
bridges,
dams, levees
or in system
redundancy

and




substitution
(transportatio
n, power
grid,
communicati
on networks).

RE4

Resourcefulne
SS

(NIAC
2009, 8)

The
capability to
adeptly
anticipate,
respond to,
and manage
crisis or
disruption as
it develops
(planning,
training,
supply chain
management
prioritization
of damage
control and
mitigation
actions, and
effective
communicati
on on
decision
making).

Opinions and
explanation
Not specified /
considered(3)

Opinions and
explanation
Not recognized

3)

Opinions and
explanation
No distinction.

3

Opinions and
explanation
No distinction.

©)




RES

Rapid recovery

(NIAC
2009, 8)

The
capability to
return to or
restore
operations to
normal as
quickly and
efficiently as
possible after
a disturbance
(carefully
developed
contingency
plans,
competent
emergency
response, an(
the ability to
move the
right people
and resource
to the
appropriate

locations).

Opinions and
explanation
Not specified /
considered(3)

Opinions and
explanation
Not recognized

3

Opinions and
explanation
No distinction.

3

Opinions and
explanation
No distinction.

©)




REG6

Redundancy

(NIAC
2009, 8)

The
availability of
backup
resources to
provide
support for
the original
resources in
the event of a
failure should
also be
addressed
when
designing for

resiliency.

Opinions and
explanation
"voxeljet" runs
its veryown
on-demand
manufacturing
facilities in
order to be
able to print
for clients who
have surplus
capacity or are
experiencing
downtime.(4)

Opinions and
explanation
The 3D printing
robots can

operate both on

site and offsite
in a group, so
the system
offers a level of
redundancy if
any local
entities
malfunction.(4)

Opinions and
explanation:
No distinction.

3

Opinions and
explanation:
No distinction.

3




Annex D: Benchmarking Critical Success Factors

Case study 1 (Beckum)

Details of the 3D printed componentgproject guide)

Details of the 3D printed components

Location of projectfull address):

59269 Beckum, Germany

Location of3D printing - for prefabricated
elements (full address):

89264Weissenhorn, Germany

Type of 3D printed cg
pillar, beam, bridge, wall section/element, slab
whole building/structure*, shafts, prefabricated
module of the building):

Whole building

Property type (row house, apartment, raulti
family, single unit, etc.):

Detached single family house

Construction year:

2020 Starting datei?7. 09. 2020)

Key project participants:

PERI, MENSEKORTE ingenieure+architekten,
COBOD, HeidelbergCement, Technical

University ofMu ni ¢ h, Schi ecCl
Number of floors*(if the printed componentis g 2
whole building/structure):
Living area of the property (m2)* 160 m2
(if the printed component is a whole
building/structuré:
Basement present (yes or no): No
Parking space present (yes or no): Yes

Occupancy date and/or status (rented/unrente

The lease began in August 2022, until then it v
an exhibit space

Source of energy:

Natural gas

Assessed property condition (from very poor t¢
excellent):

Excellent

Energy certificatgresen{yes or no / if yes,
which category):

The KfW 55 Efficiency House Standard

Furnishings quality (from basic to upscale):

Upscale

Heating type:

Gas

Offer price of the asset (ii):

Esti mat e dcal6utaied od thédbasis ,of
the construction costs

Dimensions of the component (height / length

width in m):

Approx. 6m/13m /10 m

Has the 3D printed component been certified and (legally) put intdUseYes | © No

If yes, buildingpermit granted byCity of Beckum-
Deviation of theprinted model from the
designed model:

Number of people who patrticipated in the
planning phase

Building Permit Procedure Office

<10 mm

27 3


https://www.google.de/search?hl=de&q=89264&stick=H4sIAAAAAAAAAONgVuLWT9c3LEkxMI4vzHjEaMYt8PLHPWEp3UlrTl5jVOfiCs7IL3fNK8ksqRSS5GKDsvileLmQ9fEsYmW1sDQyMwEA0LUOKlAAAAA&sa=X&ved=2ahUKEwinyq7L4Mz1AhVj7rsIHbcmBuMQzIcDKAB6BAgOEAE

Number of people that participated in R&D Numeric data were not obtained
stagé: during the interview

Number of persons who participated in the 3C 271 4 (depending on the stage al

printing procedur® the fact whether something else
had to be incorporated in the 3C
print)

Has it beercomplicated to build the printed components in the traditional way?

5 straightshaped component | nonstandard shaped component

Support structures:

X A Wi t hout (grsundppfeundation serves as surface for building)
5 Built support, left in place 5 External support, left in place
5 Built support, removed afterwards 5 External support, removed afterwards

3D printing process
Total printing timé 50 hours

Climateenvironmental conditiors

X Uncontrolled environment: 5 Controlled environment (e.g.,
pavilion, lab)

Material characteristics
Materials used for built produ¢blease specify ingredients of cembatsed paste)

Natural aggregates such as soil, sand, natural gravel, crushed stone, clay or mud
Recycled aggregates from construction, demolition or excavation waste
Manufactured aggregates such ascawmled blast furnace slag and bottom ash
Natural fiber, such as cellulose and/or recycled wood fiber

Other ingredients, specify type

o o0 o0 o0 X

From where (location) the materials were delivered to the building location?

All local materials

Comparison with traditional construction
Comparison with an alternatiw®nstructiormethod

Please elaborate the table by providing input for numbers or(eages3 timedess"):



3D printingtechnology

Conventional construction
approach

Required total time
a) for planning b) for execution

a) unparalleled shorter due
the complexity of the desig
and the scope of the project

b) unparalleled shorter due
the complexity of the desig
and the scope of the project (

a) see 3D printing
b) see 3D printing

8 days per floor).

Quantity of material per structure
(mj )

About 160 tons of material

Presumablyn the same range

Machine cost (i)

About500 000 U

Presumablyn the same range

Extra tools and construction

Extra tools hardly need to

Extra Dols - a little more,

materials used with a 3D printer, buildin| building materials in the same
materials in the traditiong ranges
manner
(insulation, window, plaster
etc.)
Labor cost per day (i) 50550 / h Presumablyn the same range
Open questions
Questions Answers

Please outline which issues of conventional
manufacturing methods (e.g. structural,
technological or assembly issues) are expectec
be solved by the application of 3D printing
technology inthis project.

Free forms are, of course, what we are trying
achieve. But free forms still serve a functic
Therefore, we want to build in a matersalving
way, more sustainable, cheaper. This means
we want to simplify the entire building procedu
not only tre walls, but also the integration

electrical cables, for instance. Ultimately, t
tendency is to construct in a more econom
way.

Was 3D printing technology compared with oth
alternative technologies (e.g. modular integrate
construction) for project implementation? What
were thearguments in support of 3D printing
technology?

In a similar way to the previous question. We h
a shortage of skilled workers, a shortage
resources. Therefore, we need to b
automatically. This is something that 3D printi
IS promising.

Whatadvantages has the customer obtained
through the utilisation of 3D printing technology

This kind of design and level of completent
would not be possible with a more conventio
building approach. Therefore, the customer hi
totally unique, individually shaped building.

What problems were encountered in connectio
with the computerided design process?

Hardly anything. The architects who we
working on this project are accustomed to
models. Therefore it was quite straightforwarc
implement.




What problems were experienced in relation to| The machine being used was one of the -
maintenance of the 3D printer? generations. So naturally there were sc
challenges to be resolved. In the projects car
out one year later (2021), thingere already a lo
improved. But in general, nothing dramatic, e.(
broken seal.

What problems emerged in connection with the Much like traditional 3D printing. You have a fil
management of the digital construction process load it into a laser and start printing. So this st
of the whole procedure is pretty simple.

Quality problems during a building procé&ss

5 Material extrudability issuéproblem related to material passing through small pipes and
nozzles at the machinery head)

5 Material flowability/ductility issugmeasured by performing the slump flow test)

5 Built filaments formed with some deformation or damage (e.g. cavities)

5 Low material bearing capacity that limits the layers number that can be print at one time

8 Bonding weakness/adherence between the adjacent layers

5 Material overspending due to a limited time available during which material must be utilized
5 Others, please specify

Examples of quality problems avoided by usiraglitional construction approath

There were no major issues on site, which is mainly due to the excellent preparation and high
readiness of the research and development department.

Project remarks and analysis of critical success factors
Project remarksnd analysis of critical success factors

Determina Code Measurement items Clarifying questions

nt/ factor

Relative RA1 Improved material usafje Did the 3D printing technologglecrease
advantage material (concreteltilization, material

waste? Was any rework dotieoughoutthe
3D printing process?

Material waste can be reduced for sure.
Naturally, the usage of the materials
strongly depends on what is being createc
All the walls in this case were printed (bot|
load-bearing and notoad-bearing), and so
the question arises as to what they can e\
be comparable to in conventional
construction. Extremely complicated.
Eventually constructing 3 identical houses
a tradtional manner, that would perhaps b
sufficient benchmark data for comparison
(simply not possible, especially for Beckul



RA2 Freedom of design at no extra cost

RA3 Optimize components/ structures a
integrate more functionality into

them

RA4 Construct in harsh and aggressive

environment

RA5 Reduce manpower requirement

RA6 Reducing cost of construction

component/structure

RA7 Reduce construction tinfe

RA8 Reduce safety hazards

3D project to be built in a traditional
manner).

Opinions anckvaluation.

Only the word "no" is too much in the
guestion and we have the answer. The
answer would therefore be: freedom of
design yes, but still with additional costs.
The additional costs for free design are
considerably lesser than tiraditional
construction, but free forms also come wit
extra costs in 3D printing (unlike
"repetitive” straight walls, for instance).
Examples of optimization done. (e.g., sou
proofing structure [D80], gradient
structure, components connections)
Absolutely. It functions perfectly and it's
very well madeWhether you choose to
print at dam level, leave the openings blar
print the tub foundation, it remains to be
individually decided.

Opinions and evaluation.

That is certainly feasible. It has been print
in the event of snow, it was printed in the
desert and so forth. It works practically
always.

Opinions and evaluatiof

Absolutely. This is the whole
point/background of the entire subject.
Opinions and evaluation.

Today, the technology is simply not yet
ready. The costs are not yet cheaper than
with traditional construction (about 20
percent more expensive than with traditior
construction, but with a tendency to rever:
the trends).

Opinions and evaluation

Naturally, yes. One of the most significant
motivations to do this as well. In case that
you cannot do that, it is reduced amount ¢
sense.

What was the estimated level of human
intervention in 3D printing, in handling or
gathering simple and small elements? (Le
1 - no human intervention, level 5 full
human intervention)

A machine must first of all be built in a wa
that makes it safe. Here we are dealing w
an extremely large machine that moves a
and making such a large machine secure
logically associated with a lot of effort.



RA9 Reduce product quality problems

Ease of use CX1 Computergenerated design proces:
(complexit IS easy
y)
CX2 Managing digital construction
process is ea8y

CX3 Operating 3D printer is easy

CX4 Maintenance of 3D printer is easy

Trialability TA1 3D printed material properties are
(divisibility predictablé
) [DA23]

TA2 Behavior of 3D printingoroduct
from a longterm perspective (e.g.
length of the product life cycle)

Afterwards, however, we have a fairly clec
construction site, and a clean constructior
site equals a safe construction site.
Therefore the estimated level of human
intervention is approximately 3.

Opinions and evaluation.

That depends vempuch on one's
perspective. In America, the response wo
definitely be "yes", in Germany rather "no’
In Germany, the standard is already at an
exceedingly high level. And to lift this leve
even higher is a huge task. We have to be
satisfied if we can dgeve the same level o
quality here. This should be the aspiration
this case.

Opinions and evaluation.

Indeed. A person who is familiar with CAL
will be successful effortlessly.

Opinions and evaluatioh

Also, managing the digital building proces
iS not a major task.

Opinions and evaluation.

This is always a debatable issue. The
operation of the printer itself is fairly simpl
but one requires expertise in order to set i
material properly. That's not always
straightforward, especially when it comes
different environmental conditions.
Opinions and evaluation.

The maintenance is also fairly
uncomplicated.

Explanation if any above (#3) markéd

3D printed materials' properties are only
predictable to a certain extent, as this kno
how is still absent. Not enough buildings
have been constructed as yet. In addition,
various weather factors (wind, rasyn,
whatever) still play a role. We have invest
a lot of effort and time in order to be able
make a prediction, but today it is simply n
as reliably foreseeable as with traditional
construction techniques.

What structural analysis tests were
conducted for structural behavior
prediction?

As this is a comparatively novel technolog
there are still a lot of unresolved issues ar
there is simply no retrospective analysis
possibility for already printed buildings. Tr
tests were conducted in a laboratory settir



Compatibil
ity

Absorptive
capacity

TA3

CP1

CP2

CP3

CP4

AC1

AC2

Precision of the printed component
is within acceptabléolerance$

Flexibility to print various sizes of
components for different
construction industry needs

Compatibility of construction site
environment with 3D printing
technology

Suitability of printing conventional
design elements

Matching available 3D printing
materials with theharacteristics of
legacy construction processes

Significant share of company capite
expenditure devoted to R&D

Extensive cooperation with other
companies or research institutions
R&D’

(static analysis, stability and vibration
analysis).

Answered abovk

The tolerances are absolutely considered
here we are in the range of traditional
building tolerances.

Opinions and evaluation.

There is unquestionably plenty of flexibility
Or at least with the machines used here
because they have a modular design.
Opinions and evaluation.

A particular machinery requires some extr
space around the construction, other
machines don't need that space. It is
essential to note that in thaure there will
definitely be many more various machines
for diverse projects, but 3D printing is
universally compatible with different
construction site settings. On the
construction site, two meters surrounding
the structure is sufficient space. Also,
myriad of various sizes are possible to be
produced, so we are pretty adaptable.
Opinions and evaluation.

Well, it can be printed, but in practice it is
not usually done this way wheminting a
strictly traditional design. The printing of
such items is merely unprofitable in
financial terms and at present utterly
senseless (except for research reasons).
Opinions and evaluation.

3D printed materials can be very well
contrasted with their analogues in
conventional construction. It is after all
merely about concrete. One can say,
cautiously, that 3D printing of building will
in some views never be economically viak
without being oupled with conventional
construction.

Opinions and evaluation.

To the questionnecisely how much money
was spent, it is impossible to provide any
specific figures. Also, work was done
consecutively with multiple various
corporations and universities, making the
math not so straightforward.

Responded above



External
pressure

AC3

AC4

AC5

ACG6

ACY

EP1

Major share of employees has
education at tertiary level

Knowledge, expertise, talents,
creativity and s
workers

Integration of a croskinctional team
in the building structure planning ar
design process & construction
operations process

Company team attitudes toward 3C
printing in general

Adequacy of company's resources
produce, test or implement 3D
printing technology

Competitive pressure

Is education at tertiary level (bachelor or
master) required for 3D printing process
management and operation?

The majority ofpersonnel in this instance
are university graduates.

Opinions and evaluation.

The claim is made that a wide range of
expertise, i.e. from mechanical engineerin
electrical engineering, civil engineering ar
materials science, is particularly required |
the ongoing process of developing a new
technology of this kind. Being an interface
technology is another distinguishing featu!
of 3D printing.

Opinions and evaluation.

Making it an interface technology means i
also requires a large and crdsactional
collaborative team.

Opinions and evaluation.

The project carrier firm, as a famitywned
company, has faith in this technology, as
otherwise they wouldn't be deploying at al
More generally, the whole firm i®ceptive
to innovation and disruption. As their mair
activity is the manufacture of formwork an
they are aware that formwofkee concrete
is already possible, they are not willing to
ask themselves where and how to continu
in about 10 years. It is alsbe very fact why
they are investing a great deal in the R&D
division.

Opinions and evaluation.

The project holder's resources were
available and prepared fall facets of 3D
printing right from the start.

Opinions and evaluation.

Considering certain preposterous
advertisements asserting that such house
can be printed in only two days and are 8(
percent lesgxpensive than traditional
construction techniques, which no one ree
believes in anyway, the firm that carries tr
venture has neither fear nor any particulat
attitude to this topic. As already mentione:
it is a familyowned business from
Schwaben (aysmonym for frugality).
Therefore, when they claim that it cannot
carried out less expensively and more
rapidly, this should correspond to the actu
state of affairs. Competitive pressure is th



Uncertainti
es

Supply
side
benefits

EP2

EP3

EP4

UCi

ucz2

UCs3

SS1

SS2

Lack of technical standards,
standards for quality control and
product certification issué%

Skeptical attitudes/ psychological
barriers of consumers in relation to
3D printing technologies and produ
implementations

Lack of information on technical an
economic benefits arising from
innovation and restrictions imposec
by regulations, contractors and
consultants isolated from one anott

Perceived side effects associated
with the innovation.

Resistance to environmental
influences and failure with exposur
to high stress

Uncertainty in 3Dprinting
technology profitability

Reducing and/or simplifying
construction tasks

Reducing the need for pessembly/
assembly activities

within ordinary parameters. However, the
pressure will come shortly, that is
indisputable and for sure, and that is the
factor that does not allow the company to
remain dormant.

Opinions anckvaluation.

Currently, the standards are fairly
nonexistent, which is both positive and
negative simultaneously. For instance, we
can draft our own standards for ensuring
guality. This means we are not restricted t
traditional norms, and we can implement
new materiad and certifications
consequently.

Opinions and evaluation.

Having a sceptical mindset is perfectly
understandable. It's up to us to show clier
what can be accomplished with this new
technology. Moreover, a healthy scepticisi
is not entirely wrong, as it is evident that fi
end customers, pretty often, it is the large:
acquisition of a lifetime.

Opinions and evaluation.

Perhaps those are the factors that make if
tad harder for the client. However, this is
quite natural for a technology as young as
this. It is up to us to help fix these issues ¢
well.

Opinions and evaluation.

There were nmoteworthy adverse effects
observed. The innovation is invariably
beneficial for the company's reputation. A
reputation, in turn, is essential for attractin
skilled manpower. This direction is a key
aspect.

Opinions and evaluation.

Indeed, it's necessary to have tested it
sufficiently well to avoid this happeningg.
to prevent a failure. That is the task alway
set for itself.

Opinions and evaluation.

Return on investment is still an unsettled
matter as well, thus it is our duty to prove
to the clients in a suitable manner.
Opinions and evaluation.

Absolutely. The work on the building site
gets much simpler, e.g. for electricians.

Casesf preassembly/ assembéhetions
lessenedhn the project.



Demand
side
benefits

SS3 Reducing the need for transportatic
services

SS4 Reducing a number of suppliers

involving in construction process

SS5 Increasing collaboration among
stakeholders (architects, engineers

constructors, suppliers, etc.)

DS1 Customized production of printed

components

DS2 Faster reaction to changing custom

needs

DS3 Production in collaboration with the
customer and supplier (e.qg.,
customers integrated in product

development)

Preassembly and assembly operations ar
reduced by printing on the construction sit
The matter of costffectiveness still arises.
Opinions and evaluatiolf

Examples oflecreasedransportation.

As for transportation, it's not something wi
would see as easier/reduced. That probal
won't vary very much. Possibly it's worse
account of the size of the printer, but it
reduces the necessity to ship materials.
Moreover, everything is much simpler to
transport and unload. Thus, it is to be
expected that it will be comparatively
similar.

Opinions and evaluation.

At this point, we would not say that the
number of suppliers will substantially alter
It will stay rather consistent.

Opinions and evaluation.

"Increasing” is perhaps the incorrect term,
but it is a technology that is making this
occur earlier. In other words, more during
the design stage and then less in the
implementation stage.

Opinions and evaluation.

Naturally, it is a "marginal”" desired feature
a fairly minor one. Customization is thus
invariably pricey, and the market seldom
demands expensive solutions. It is
constantly just a niche, irrespective of the
style of building.

Opinions and evaluation.

The truth is that in the building industry, it
also merely a niche (anything that has a
significant discrepancy from the norm).
Opinions and evaluation.

That, too, is more of a niche. The "deman
is for quicker and less expensive, as
platitudinous as that may sound. Quicker,
less expensive, and more sustainable are
most significant goals.



Case study 2 (Berlin)

Details of constructedcomponent(project guide)

Details of constructed component

Location of projec(full address):

Pe¢tthbergeweg 47, 12589 Be

Location of3D printing - for
prefabricated elements (full addres

No prefabricated elements, everythinggitu

Type of 3D printed component
(fa-ade segment,
bridge, wall section/element, slab,
whole building/structure*, shafts,
prefabricated module of the
building):

The entire building.
Reinforced concrete: foundation slab, floor slabs, stairca|
Sandlime bricks/blocks; walls

Property type (row house, apartme
multi-family, single unit, etc.):

Detached onéamily house

Construction year:

20212022

Key project participants:

Property owner, miscellaneous stdntractors

Number of floors*(if the printed
component is a whole
building/structure):

3 floors (basement, ground andfibor)

Living area of the property (m2)*
(if the printedcomponent is a whole
building/structurg:

172m2

Basement present (yes or no):

Yes

Parking space present (yes or no):

Yes

Occupancy date and/or status
(rented/unrented):

Planned relocation approx. in the summer of 2022

Source of energy:

WoodenPellets

Assessed property condition (from
very poor to excellent):

Excellent

Energy certificatgpresen{yes or no
/ if yes, which category):

Excellent, A+ Category, KfW 40 Standard with only 23,6
kWh/fa

Furnishings quality (from basic to
upscale):

Basic

Heating type:

Floor heating (central heating)

Offer price of the asset (if:

Not for sal e, esti mated 8

Dimensions of the component
(height / length / width in m):

12 m high, 12,5 x 10 metelsyout

Has the 3D printed component been certified and (legallyinputse?® x Yes | 8 No

If yes, building permit granted bfpistrict office TreptowK ® peni c k ,
Deviation of the printed model from the

designed model:

Number ofpeople who participated in the

planning phase

Berl in

<10 mm



Number of people that participated in R&D
stagé: 1

Number of people that participated in building On average 2 on the site when

proceduré: building at any time. Up to 25
with all thesubcontractors and
workers included (44 at a time)

Has it been complicated to build the printed components in the traditionat way?

X straightshaped componeng | nonstandard shaped component

Support structures:

X A Wi t hout (gresundppf@indation serves as surface for building)
5 Built support, left in place 5 External support, left in place
5 Built support, removed afterwards 5 External support, removed afterwards

Building process

Total building more then hours

time? 2000

Climate/environmental conditiohs

X Uncontrolled environment: 5 Controlled environment (e.qg.,
pavilion, lab)

Material characteristics
Materials used for built product

Natural aggregates such as soil, sand, natural gravel, crushed stone, clay or mud
Recycled aggregates from construction, demolition or excavation waste
Manufactured aggregates such ascawled blast furnace slag and bottom ash
Natural fiber, such as cellulose and/or recycled wood fiber

Other ingredients, specify type

o o0 o0 o0 X

From where (location) the materials were delivered to the building location?

All local materials




Comparison with alternative construction (3D printing technology)
Comparison with an alternatiw®nstructiormethod

Please elaborate the table by providing inpunfombers or rate@.g. "3 times less"):

Traditionalconstruction

3D printing method
Required total time a) undetermined/unknowi a) about 70 hours
a) for planning b) for execution | without further detaileq b) structural about 200 hours
analysis

b) undetermined/unknowr
without further  detailed
analysis

Quantity of material per structure

(mj )

Presumably in the similar rang

About 200 tons of material

Machine cost (i)

Presumablymuch more

About200 000 d

Extra tools anadonstruction

materials

Additional tools are almost n¢
needed with a 3D printer for th
shell, building materials in th
traditional way (insulation
windows, plaster, etc.).

Extra tools - a little more,
building materials in the same
area.

Labor cost per day (i)

Preasumblyn the same range

50-60u

Open questions

Questions

Answers

Pleasadefinewhich problems of alternative
manufacturing method (e.g., structural,
technological, assembly problems) wateempted
to beresolvedby executingthis project in
traditionalmanner

Nothing other than the conventional approach
ever beerconsidered from the beginning of tl
planning process.

3D printing problem that would emerge
plastering, which was here not needed whatso
- using sandimestone blocks, which were ma
neat. Merely a very thin finish (3 mm).

Wastraditionalapproactcontrastedo other
alternatetechnologies (e.g., modular integrated
construction) for projeqberformance What were
the arguments ifavour of traditionalconstruction
method?

Wasn't compared. About the only question m
was whether or not to use a precast conc
staircase, but that was dismissed rather rag
since it was pricey and there was a lengthy \
list.

Whatadvantagebas the customer received fron
the implementation dfaditionalconstruction
method?

Portrayed reliability and longevity, goc
transparency, ease of monitoring and que
assurance. Ability to make last minute mir
geometry adjustments directly on site as w
Furthermore, the possibility to undertake part:
the design independently.




What problem®ccurredassociatedo the The design has not been compigenerated.
computergenerated design process?

Whatissueswereconfrontedinked to the The saw for the sarnldne blocks was no
maintenance of thieaditionaltechnique maintained properly, resulting in excessive c
machinery? on the site until it was adequately cleansed.

What problems wertacedlinked to the There were no issues as all the planning was «

management of the digital construction process by an individual with  comprehensiy
understanding of the entire process.

Quiality problems during a building procéss

5 Material extrudability issu€problem related to material passing through small pipes and
nozzles at the machinery head)

5 Material flowability/ductility issugmeasured by performing the slump flow test)

5 Built filaments formed with some deformation or damagg.(cavities)

5 Low material bearing capacity that limits the layers number that can be print at one time

5 Bonding weakness/adherence between the adjacent layers

5 Material overspending due to a limited time available during which material must be utilized
8 QOthers, please specify

Examples of quality problems avoided by using conventional building nfethod

On the construction site there were practically no issues, mainly due to the experienced labore
coordination,and the strong dedication of the property owner, who took on the role of consti
manager and was present on the site around the clock.

Project remarks and analysis of critical success factors
Projectremarksand analysis of critical succefsgtors

Determina Code Measurement items Clarifying questions

nt/ factor

Relative RA1 Improved material usafje Did thetraditional constructiontechnique
advantage reduce material (concrete) consumption,

material waste? Was any rework done
during theconstructionproceduré&
Thanks to the fact that the project was
designed in BIM with bloclby-block
precision, there was practically no wastag
of wall blocks. Everthe surplus concrete
from the concreting operations was not
being wasted, but rather utilized to pave
walkways.

RA2 Freedom of design at no extra cost Opinions and evaluation.
It was conceived to provide "freedom of
use" as opposed to "freedomasfsign."
Free forms were not required, but a house



RA3 Optimize components/ structures a
integrate more functionality into
them

RA4 Construct in harsh and aggressive

environment

constructed with virtually total latitude in
the design of the internal walls. The buildi
itself only has stairs and a smaller internal
load bearing wall. There is 100% freedom
arrange the rooms and the partition walls
to keep it totally open.

This allows a great deal of interior
creativeness, and if one wishes, the hous
can be remodeled entirely each year. Alsc
there is nearly total liberty to put a
bathroom, kitchen, or toilet in any part of t
building, as the infrastructure has been
prepaed under the foundation slab with
multiple possibilities for the laying of
sewage pipes. Moreover, since there are
peculiar shapes, there is no requirement f
customized furnishings that could be utiliz
just once.

In addition, freedom of design was not a
requirement, as the intention was to
construct a straightforward, efficiently
designed "engineer's house" featuring fou
corners. The objective was a great deal o
internal separability, costffectiveness, and
a mnimum labor requirement per square
meter, which was accomplished. It also
implies high quality building, a low running
costs and utilizing the interior creatively,
rather than constructing "creative forms"
with no actual purpose.

Examples of optimization done. (e.g., scu
proofing structure [D80], gradient
structure, components connections)
Practically no significant construction was
Nearly nopartitions offer flexibility and
exchangeable functionality.

Opinions and evaluation.

Employing more traditional methods of
construction and buildinghanuallymeans
that the structure is vulnerable to the
weather until the shell is finished, and as
with virtually all techniques, this is
inevitable. The construction was schedule
based upon the weather, with dayday
modifications where required. With good
coadination and careful consideration of t
weather there were no weathelated
disruptions to the construction process. Tl
is probably an advantage of the craftsmar
construction aproach, as it will cost



RA5 Reduce manpower requirement

RA6 Reducing cost of construction
component/structure

practically zero if workmen alter their
position or even don't come the following
day as other tasks could be completed in
interim (installation, earthwork, insulation,
piping, etc.).

Opinions and evaluatioh

Given that there were on average just 2
people on the construction site and it was
rather small one, this is not very applicabl
as one cannot go much below that.
Machinery and 3D printing would definitel
"save" thephysical bodies of these laborer
but as long as they are both willing to wor
and use their bodies in such a manner, th
is no high manpower requirement. The
property owner was on the site around the
clock as the construction manager, but the
workers ddn't require any of his input as h
created easto-read blueprints and plans.
Concerning the skills, it is a loakill job,
and the laborers were experienced. Thus,
would be challenging to obtain a 3D printe
as the education of the operator on the sit
would have to be much more advanced tr
that of the masons.

Opinions and evaluation.

As long as we have low educated, low wa
immigrants who are ready to do the work
manually, it will behard to win that
argument.

However, if we begin to lose access to
immigrant workforces and wages start to
rise, there could quite easily be an argum
for 3D printing.

Nonetheless, with good structural plannin
proponents of conventional construction w
be able to personally outperform it for quit
a while on such projects, but on larger
projects, it's impractical to get all the high
end design correct.

Time to design compared to time to build
yet one more hazard to be defused. A lot
mistakes are made that don't become
apparent until the construction site is alree
in the building process. So, if we optimize
the structure with generative design dinen
3D print it, there has to be margin for
modifications and flaws. If we optimize toc
much, it's not straightforward to make maj
alterations afterwards in the ongoing



RA7

RAS8

RA9

Ease of use CX1

(complexit
y)

Reduce construction tinfe

Reduce safety hazards

Reduce product quality problems

Computergenerated design proces
is easy

process. Deciding "othe-fly" to cut out an
opening or not is not a simple task. Again,
the design has to be run through the
software.

All of these are resolvable issues, but the
may not give as much flexibility as
traditional construction, nor allow us to
utilize the machinery after specific segmel
have already been constructed.

This could all incur additional costs in
adopting 3D printing technology, but it is &
exciting challenge to address and ultimate
standardize in the future.

Opinions and evaluation.

With a certain reluctance, one might
conclude that for a small project such as
this, it doesnotreally matter. Taking 4
weeks as opposed temonths is not a
huge distinction for a singtamily house.

In addition, once the workmen are "levele
they are also pretty rapid in the building
procedure.

What was thestimated level of human
intervention in machinery tasks, in handlir
or gathering simple and small elements?
(Level 1- no human intervention, level 5 fu
human intervention)

Likely Level 3.

Opinions anckvaluation.

In general, quality problems were smartly
eliminated/decreased.

Opinions and evaluation

True computer generated design is definit
still a high expertise area thaofessionals
and " regular engineers" do not master.
BIM or CAD designs are not really
computer generated designs, they are als
not simple and cannot be done by someoi
"who merely knows CAD". CAD represent
Computer Aided Design, not Computer
Generated Design.

Actually, we are still many years from
Computer Generated Design being applie
to more mainstream projects, or even fron
generalpurpose design software that can
so with little effort/cost.

Answering "yes" to this question does not
indicate that it was straightforward, but a
total failure to comprehend the subject at
stake. A classic "Dunniniruger" effect.



Trialability
(divisibility
) [DA23]

Compatibil
ity

CX2

CX83

CX4

TAl

TA2

TA3

CP1

CP2

CP3

CP4

Absorptive AC1

capacity

Managing digital construction
process is ea8y

Operating traditional machinery is
easy

Maintenance of traditional
machinery is easy

Built material properties are
predictablé

Behavior of built product from a
long-term perspective (e.g., length
the product life cycle)

Precision of the built components is
within acceptable tolerancés
Flexibility to build various sizes of
components for different
construction industry needs
Compatibility of construction site
environment with machinery

Suitability of building conventional
design elements

Matching available alternative
materials with the characteristics of
legacy construction processes
Significant share of company capite
expenditure devoted to R&D

In order to code such a design, one need:
skills in programming, coding, structural
analysis, irdepth knowledge of materials
science etc.

Opinions and evaluatioh

By no means. Currently and upcoming toc
are not anywhere near as good as they
should be in terms of intercommunication
and ease of use. Something as basic as ¢
"simple" clash check demands a high deg
of skill and understanding of both the
projects and the multiple other disciplines
be done accurately.

Opinions and evaluation.

True, to most people skilled the operation
of advanced machines.

Opinions and evaluation.

It does notwork always, as it can conflict
with the production schedule, particularly |
there are failures and/or the machinery ha
to besent for a service.

Explanation if any above (#3) markéd

For reinforced concrete and sainde

bricks, yes. In fact, they have been knowr
for a long time and have bestudied in
detail.

What structural analysis tests were
conducted for structural behavior
prediction?

Zero. The additional concrete on the edge
of thepathways was crushed informally wi
a mallet after one, three and seven days t
see if it performed as anticipated, based c
the experience.

Answered abovk

Yes, definitely.

Opinions and evaluation.

Yes, definitely.

Opinions and evaluation.

Yes, the land wagurchased especially for
this reason.

Opinions and evaluation.

Yes, definitely.

Opinions and evaluation.

Unused in this project.

Opinions and evaluation.



External
pressure

AC2

AC3

AC4

AC5

ACG6

AC7

EP1

EP2

EP3

EP4

Extensive cooperation with other
companies or research institutions
R&D’

Major share of employees has
education at tertiary level

Knowledge, expertise, talents,
creativity and s
workers

Integration of a crosBinctional team
in the building structure planning ar
design process & construction
operations process

Company team attitudes toward
conventional building method in
general

Adequacy of company's resources
produce, test or implement
conventional building method
Competitive pressure

Lack of technical standards,
standards for quality control and
product certification issué%
Skeptical attitudes/ psychological
barriers of consumers in relation to
conventional building method and
product implementations

Lack of information on technical an
economic benefits arising from
innovation and restrictions imposec
by regulations, contractors and
consultants isolated from one anott

None, because all the research and
development was in the hands of the
proprietorhimself.

As same as the above (BC.

Is education at tertiary level (bachelor or
master) required foconventional building
process management and operation?

No, fairly minimal education of laborers, y
high commitment of owner in preparation
oversight/engineering).

Opinions and evaluation.

Highly skilled management (owner) +
comparatively lowskilled labor.

Opinions anckvaluation.

Well, it was there, but the owner was also
very driven and welfounded professional
engineer who knew the process well. It w
planned in reverse, beginning with
individual blocks of masonry and by settin
building dimensions so that it would requit
aslittle cutting as possible with virtually no
waste or squandered costs.

Opinions and evaluation.

The subcontractors appreciated the attent
to details and thpre-planned work
schedule. Having no planning on their sidi
and even without no civil engineer or
supervisor in attendance was straightforw
for them.

Opinions and evaluation.

Very much adequate.

Opinions and evaluation.
Practically none observed.
Opinions and evaluation.

None in private singléamily homes.

Opinions and evaluation.
All were wowed by the highlgetailed and
well designed blueprints and schematics.

Opinions anckvaluation.

The conclusion could not be drawn that
there was a shortage of available data. As
matter of fact, the evaluation of all this
existing information was in support of the
traditional construction technique.



Uncertainti
es

Supply
side
benefits

Demand
side
benefits

UCi

ucz2

UCs3

SS1

SS2

SS3

SS4

SS5

DS1

Perceived sideffects associated
with the innovation.

Resistance to environmental
influences and failure with exposuri
to high stress

Uncertainty inconventional building
method profitability

Reducing and/asimplifying
construction tasks

Reducing the need for pessembly/
assembly activities

Reducing the need for transportatic
services

Reducing a number of suppliers
involving in construction process

Increasing collaboration among
stakeholders (architects, engineers
constructors, suppliers, etc.)

Customized production of built
components

Opinions and evaluation.

Stakeholders believed that it is simple to ¢
a project ready so effectively and that it dc
not require a lot of expertise and kndow.
Actually, it is not, and not anyone is able t
do that.

Opinions and evaluation.

The conventional method is not too resist:
and is affected only by extreme weather
conditions.

Opinions and evaluation.

Unclear as most had to do with increases
price due to Covidl9. Labor cost was sami
as in the contract (independent from
materials).

Opinions and evaluation.

Does not pertain. From the beginning it wi
intended to be minimalist and simplistic.
The method and tools were selected at fir:
then materials, and finally the geometry w
designed to fit with that.

Examples of prassembly/ assembly
activities reduced in the project.

None were required.

Please express your views and
interpretation. Y
Examples of reduced transportation.
Thanks to timely scheduling and an
understanding of the logistics and vehicle
capabilities, the transport was optimized
from the very beginning. Osite
procurement also rendered it highly
operational.

Opinions and evaluation.

There were just 4 suppliers involved: one
the concrete, one for the reinforcing steel,
one for the wood structures, and another f
the sandime bricks as well as all the
remaining materialThis means that certain
reductions are actually inapplicable.

Opinions and evaluation.

Only the owner (one person) negotiated
directly with all suppliers. By the midpoint
of the process, all of them knew hbg
name.

Opinions and evaluation.

Arguably a marginal factor in overall
building costs.



DS2

DS3

Faster reaction to changing custom Opinions and evaluation.

needs There is no fasteway, because the owner
was the designer and construction manag
and has mapped out every detail, starting
from the back.

Production in collaboration with the Opinions and evaluation.

customer and supplier (e.g., It was the exact same person, as stated

customers integrated in product earlier.

development)



CONFIRMATION OF PROOFREADING



