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Construction 3D printing (C3DP) has emerged as an important force in automation and sustainable trans-
formation of the construction industry. Despite the implementation of numerous incentive policies, its devel-
opment and application remain at a relatively slow pace in developing countries. This research employs the Q
methodology to explore the perspectives of China’s stakeholders on the innovation policies for the development
and application of C3DP. The study reviews the development of C3DP in China and identifies statements related

to C3DP promotion policy and development. Based on data from C3DP industrial experts, the results reveal four
distinct policy perspectives: conservative exploration, aggressive progression, intensive investigation, and
tentative stimulation. A consensus exists that provides direction for policymaking though the divergences among
stakeholders highlight the complexity of implementing policy mixes. This study has theoretical and practical
significance in supporting policy mixes for C3DP development and adoption in fast-growing areas.

1. Introduction

The construction industry has been instrumental in facilitating social
development in fast-urbanising areas. Nevertheless, the development of
construction industry has faced new challenges. Due to its significant
environmental impact, the sector ranks as one of the least successful in
transitioning towards sustainability (Gan et al., 2015). For example,
conventional construction techniques consume a substantial amount of
energy and materials, generating construction waste (Aslam et al., 2020;
Guerra et al., 2019; Li et al., 2022), greenhouse gas emissions (Sanda-
nayake et al., 2019), and air pollution (Zhang et al., 2021). Moreover,
the construction sector is confronting the ageing workforce and labour
shortage as additional obstacles (Kwan et al., 2019; Li et al., 2023).
Despite its large scale, the construction industry is becoming less
attractive to the labour market due to limited income and on-site safety
risks (Chan et al., 2020).

To address these challenges, construction 3D printing (C3DP) has
been considered a potential solution to the environmental and labour
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challenges in the construction industry (Wu et al., 2018). C3DP refers to
a construction method for manufacturing components or entire build-
ings by printing materials layer-by-layer (El-Sayegh et al., 2020). For
example, some studies, adopt off-site gantry-style printers to manufac-
ture building components, incorporating the concept of prefabricated
construction (Holt et al., 2019; Wang et al., 2018). Some cases also show
the potential of on-site printing methods, which are more cost-efficient
for large-scale construction projects (Buchanan and Gardner, 2019;
Pons-Valladares et al., 2023). Also, Laing O’Rourke’s FreeFAB prints
formwork based on recyclable hot-melt materials and combines them
with mature construction techniques (Gardiner and Janssen, 2014).

In these demonstrations, C3DP presented several advantages over
traditional techniques. For instance, it reduces material and energy
consumption and construction waste, thereby reducing building life-
cycle carbon emissions (Alhumayani et al., 2020; Siddika et al., 2019).
Besides, the C3DP process is based on highly automated printers and
reduces labour requirements and on-site risks in the construction pro-
cess (Besklubova et al., 2021; Wu et al., 2018). It can also achieve
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complex designs without formworks, which simplifies the construction
cycle and reduces the cost (Siddika et al., 2019; Wu et al., 2018). C3DP
technologies enable the digitisation of the entire construction process,
which streamlines project management, facilitates prompt design
rectification, and contributes to efficient budget control in the con-
struction process (Besklubova et al., 2021).

However, despite the C3DP has received attention and support from
government and the academia, the progress of C3DP implementation
has been criticised for being slow. Promoting C3DP involves addressing
not only technical reliability obstacles but also non-technical di-
mensions such as supply chain management, industry codes and stan-
dards, and customer acceptance (Furet et al., 2019; Kanyilmaz et al.,
2022). Especially, the support and close cooperation of stakeholders
plays a critical role in the promotion of C3DP, while obstacles from any
of them can slow down this process (Zhang et al., 2019). The imple-
mentation of novel technologies, such as Concrete 3D Printing (C3DP),
necessitates significant adjustments for developers and contractors
(Zhang et al., 2019). These adjustments span across various aspects
including material supply, manpower allocation, construction timelines,
and site management. Moreover, the introduction of these technologies
may also present unforeseen risks such as variations in product quality,
consumer acceptance, and potential additional training requirements
(El-Sayegh et al., 2020). From a design perspective, C3DP allows for a
higher degree of flexibility in the construction process, potentially
fostering innovation at the design level (Tuvayanond and Prasittisopin,
2023). For academics and educators, C3DP provides new R&D oppor-
tunities in areas such as building materials, construction equipment and
management (Wu et al., 2018). However, the cultivation of talent with a
comprehensive understanding of C3DP technology and construction
processes may pose a new challenge. Given the diverse interests of
stakeholders in the promotion of C3DP technology, policy demands
often exhibit considerable heterogeneity. In fast-growing regions expe-
riencing high demand for construction, it is crucial to adopt a mix of
policies when formulating technology promotion strategies. This
approach ensures that the needs of all stakeholders are addressed and
contributes to circumventing obstacles arising from policy imbalances.

Therefore, understanding the interests, concerns and views of
stakeholders, such as enterprise managers, contractors, designers and
clients, is important in policy mix development for technical transition.
The construction industry requires a comprehensive policy framework
that considers different perspectives from stakeholders to address the
challenges in C3DP promotion. This study aims to investigate the policy
needs of different stakeholders regarding the prospects and related
policy functions of C3DP promotion and to identify theoretical and
practical implications for policy formulation. The study reviews the
development of C3DP and identifies statements related to C3DP pro-
motion policy and development. The study employs the Q methodology
to analyse the perspectives of diverse stakeholders and offers theoretical
and practical recommendations. The findings of this study will assist
decision-makers in understanding the current demands of different
stakeholders and formulating a more effective policy mix for the pro-
motion of C3DP development and adoption.

The remainder of this paper is structured as follows: Section 2 re-
views the existing development and promotion policies of C3DP, con-
struction innovations, and policy mixes. Section 3 describes the
methodology employed in this research and the data collection process.
Section 4 presents the analysis results and discusses the findings. Section
5 draws the conclusion.

2. Literature review
2.1. The development of C3DP
2.1.1. Technology development

The most commonly used C3DP techniques for construction include
contour crafting (CC), concrete printing (CP), selective binder (cement)
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activation (SBA), selective paste intrusion (SPI), and D-Shape (Wu et al.,
2018). The former two methods are based on material extrusion, and the
rest employ powder-based systems (El-Sayegh et al., 2020). Extruded
material systems are methods to print the structure by injecting and
extruding the mixed material, for example, slurry concrete, by a nozzle.
Unlike the CC and CP, which need to mix the slurry concrete in advance,
in SBA and SPI, the liquid is applied in a thin layer of bulk material to
solidify the target area. After layer-by-layer repetition, a 3D object can
be created. The D shape shares a working principle similar to SBA and
SPI, but its machine is equipped with a series of inline nozzles and is
mainly used to construct larger-scale objects (Lowke et al., 2018).

Two main equipment systems are used in C3DP: gantry systems and
articulated robot systems (El-Sayegh et al., 2020). The cartesian coor-
dinate system is the basis of the gantry system’s working principle,
which allows the nozzle on the gantry system to move along the X, Y and
Z axis (Labonnote et al., 2016). However, the limitation on acceleration
restricts the system from printing sharp corners. The space-consuming
and heavy steel frame required in the gantry system also makes it pro-
hibitive to some narrow working environments (Tiryaki et al., 2019).
The arm-based robot is another system to deliver 3D printing work,
which is equipped with a robotic arm with 6 degrees of freedom and a
nozzle on top of it, which provides more flexibility to the Printing
(Zhang et al., 2018). Although its operation requires less space
compared to the gantry system, the scale of work it can print and its
reachable area is limited due to the moment generated by the base and
kinematic singularities (Tiryaki et al., 2019).

The material used in 3D Printing must meet specific requirements to
be compatible with the technologies and the equipment. The most
commonly used material includes concrete, plaster, polymer, and metal
(Ali et al., 2022). Concrete is the most widely used material in C3DP due
to its high consumption. The material has strict printability re-
quirements including fluidity, extrudability, buildability, and time
setting. Metal is implemented to construct building elements (Buchanan
and Gardner, 2019), with a variety of techniques including powder bed
fusion (PBF), directed energy deposition (DED), sheet lamination as well
as electrochemical additive manufacturing (ECAM). Although the PBF
and DBD are relatively suitable for the construction industry because of
technical maturity and feasibility (Buchanan and Gardner, 2019), the
printed elements’ small dimensions and the time spent bound their
development and application (Buchanan and Gardner, 2019). Polymer
materials serve aesthetic or structural purposes when combined with
strength-enhancing materials such as thermoplastics, particle-reinforced
polymer composites, and polymer matrix composites (Alghamdi et al.,
2021). For instance, fibre-reinforced concrete is preferred in C3DP to
avoid nozzle obstruction by steel reinforcement (El-Sayegh et al., 2020),
and polyurethane foam has been used as both permanent formwork and
insulation material (Furet et al., 2019).

2.1.2. Stakeholders

The accelerated advancement of C3DP has profound implications for
stakeholders within the construction industry. The benefits derived from
the application of C3DP in construction projects can vary among
stakeholders, given the diverse roles they play within the industry
(Anjum et al., 2017). However, these stakeholders also encounter
distinct risks due to their specific roles (Craveiro et al., 2019). Prior
research has investigated how key stakeholders might be influenced by
the proliferation of C3DP, including enterprise managers, contractors,
building designers/architects, and research institutions (Chang and
Antwi-Afari, 2023).

For enterprise managers, while C3DP offers opportunities for swift
development, it also presents unavoidable challenges (Anjum et al.,
2017). Firstly, despite the rapid progress of C3DP technology, there is a
dearth of large-scale application cases. Current C3DP buildings may not
meet end-user expectations due to technological constraints, such as
potentially rough surface quality resulting from the printing process
(El-Sayegh et al., 2020). Secondly, most users have limited exposure to
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C3DP technology. Given the unique nature of real estate, the acceptance
of new construction technologies is considerably slower than other
commodities. Consequently, it can be an inconvenient process for the
market to recognise C3DP building products.

Contractors play a crucial role in the promotion of C3DP technology.
Amid labour shortages in the post-COVID industry recovery (Xu et al.,
2023), C3DP technology could offer a solution through automation and
autonomy (Wang et al., 2018). However, the application of C3DP may
introduce uncertainties. For instance, new technologies could drastically
alter aspects of original project management such as labour demand
expectations and on-site management. Additionally, there is a current
lack of regulations and specifications for this technology, potentially
exposing contractors to additional risks (El-Sayegh et al., 2020).

For architects and landscape designers, the advancement of C3DP
technology bolsters the flexibility of design for buildings and structures
(Tuvayanond and Prasittisopin, 2023). Although C3DP-based design is
currently limited by the volume of the 3D printer chamber, the flexi-
bility of C3DP enables architects to conceive and construct structures
with unparalleled creativity and complexity. In contrast to traditional
construction methods, additive construction can fabricate intricate
shapes and designs that would be either unfeasible or prohibitively
expensive using other techniques (Wang et al., 2018). This facilitates the
production of highly customised products, tailored to the comfort and
aesthetics of building users, potentially allowing users to become deeply
involved in the design process. For architects, the promotion of C3DP
may disrupt the conventional architectural design model and instigate a
surge in personalised architectural design.

The roles of research institutions are also important. Currently, C3DP
technology is undergoing a fast-developing period, with substantial
potential for optimisation in areas such as materials, equipment, soft-
ware, management, and economic applicability (Chang and
Antwi-Afari, 2023). For instance, the printability and buildability of
C3DP materials are frequently discussed within the industry. Further-
more, the promotion of C3DP necessitates a greater number of pro-
fessionals to fulfil the demands of its R&D and practical application
(Anjum et al., 2017). C3DP requires interdisciplinary knowledge net-
works, encompassing fields such as materials, structures, construction
engineering, and computing. This presents new challenges for talent
development.

2.1.3. Practical applications

Although China is at the forefront of research and application of
C3DP (Forcael et al., 2020; Pan et al., 2021), the uptake of C3DP in
China is tardy (Holt et al., 2019). Appendix 1 provides comprehensive
details on recent Chinese C3DP projects. The information was gathered
from Chinese newspapers, media outlets, and technology websites. It is
found that the majority of projects are pilot demonstration initiatives,
suggesting that the widespread adoption of C3DP in China is still
limited. The technique information implied that the primary technique
type for C3DP in China is extrusion type, including CC, CP and FDM
(Sepasgozar et al., 2020).

Besides, the predominant choice of material in the majority of pro-
jects was cement-based. In addition to practical applications, research in
China’s C3DP materials direction has shown significant progress in the
development of cement-based materials. The experiment conducted by
Feng et al. (2015) demonstrated that the use of fibre-reinforced polymer
sheets for wrapping and pasting could enhance bearing capacity and
deformation resistance.

Furthermore, it is found that the most widely employed C3DP
equipment in China primarily consists of Gantry and arm-based systems.
In 2014, Beijing HuaShang LuHai (HSLH) developed a 3D printer
capable of printing villas using steel bars and cement, along with a tower
crane printing system based on the gantry system (HSLH Beijing Hua-
Shang LuHai Technology Co., Ltd, 2014). Besides that, China Con-
struction Co., Ltd. Technology Centre introduced a large printer in 2018
capable of printing villas and low-rise houses on-site (China
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Construction Technology Centre, 2017). However, research on C3DP
types and equipment in China is limited due to high R&D costs and space
constraints (Zhang et al., 2019). To address the shortage, He et al.
(2020) developed a modular 3D-printed vertical concrete green wall
system that integrates various architectural functionalities.

2.2. Regulations and policies for C3DP

2.2.1. Policies

The Chinese government has recognised the significance of Additive
Manufacturing since 2013 and has emphasised the acceleration of
improvement of C3DP in 2015 (State Council of China, 2015b). Actively,

Table 1
China’s policies for additive manufacturing.
Category Title
Framework e The Special Action Plan for Deep Integration Between
Policy Information Technology and Industrialization (2013-2018)

(Ministry of Industry and Information Technology, 2013).
Made in China (2025); (State Council of China, 2015a.).
Opinions of the State Council on Several Policies and Measures
for Vigorously Advancing Popular Entrepreneurship and
Innovation (State Council of China, 2015b).

The Outline for Development of Informatisation in the
Construction Industry 2016-2020 (Ministry of Housing and
Urban-Rural Development, 2016).

The Development Plan of National Strategic Emerging
Industries 2016-2020 (State Council of China, 2016).

The Action Plan for Remanufacturing of High-end Intelligent
2018-2019 (Ministry of Industry and Information Technology,
2017).

The Plan of Action for Accelerating and Promoting Industry
Development of Additive Manufacture 2017-2020 (Ministry of
Education, Ministry of Industry and Information Technology &
National Development and Reform Commission, 2017).

The Plan for the Development and Promotion of the National
Additive Manufacturing Industry 2015-2016 (Ministry of
Industry and Information Technology, 2015).

The Smart Manufacturing Development Plan 2016-2020
(Ministry of Finance & Ministry of Industry and Information
Technology, 2016).

The Catalogue of Industries under Key Support of Intellectual
Property Rights (National Intellectual Property
Administration, 2018).

The Guidance of Building the Standard System of National
Smart Manufacturing (2018) (Ministry of Industry and
Information Technology & Standardization Administration,
2018).

Opinions of Eight Departments, Including the State
Administration for Market Regulation, on Implementing the
Enterprise Standards “Front-Runner” System (State
Administration for Market Regulation, National Development

Specific
Instruction

and Reform Commission, Ministry of Finance, Ministry of
Industry and Information Technology, Ministry of Finance,
Ministry pf Ecology and Environment ... Ministry of Science
and Techonology, 2018).

The Guidance of Building the Standard System of National
Smart Manufacturing (2021) (Ministry of Industry and
Information Technology & Standardization Administration,
2021).

Adjusting the Relevant Catalogues of the Import Tax Policies
for Crucial High-Tech Equipment, as Amended 2018; (Ministry
of Finance, Ministry of Industry and Information Technology
& National Development and Reform Commission, 2018).
The Action Plan for Piloting Standards of Additive
Manufacture (Standardisation Administration, Ministry of
Industry and Information Technology, Ministry of Science and
Technology, Ministry of Education, National Medical Product
Administration & Academy of Engineering, 2020).

National Key R&D Program application guidelines for
Advanced Structures and Composites (Ministry of Science and
Technology, 2022).

Implementation of Enterprise Standards “Leader” in Key Areas
(State Administration of Market Regulation, 2022).

National Development and Reform Commission
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the government proposed some policies to address the development of
C3DP. Table 1 shows the identified 15 policies in C3DP.

The 15 policies can be classified into framework policies and specific
instructions. Framework policies are guidance and set the development
direction of additive manufacturing and specific instructions focus on
promoting development and application through specific instructions
and incentives. In detail, the policies can be divided into two functions:
monetary and non-monetary incentives (as shown in Table 2). Monetary
incentives include government support for R&D, talent attraction, and
favourable financing and tax policies. Non-monetary policies prioritise
top-management commitment, talent cultivation, resource coordina-
tion, and collaboration.

2.2.2. Standards and regulations

Standards and regulations play a crucial role in establishing opera-
tional and management standards for the industry, thereby enhancing
the development of 3D printing. As indicated by the National Standard
Disclosure System website, the Chinese government has issued and
implemented 25 standards, with an additional 5 sets prepared to
implement. Fig. 1 shows the information on proposed regulations,
revealing a predominant focus on construction materials, with 15 reg-
ulations about metal and three for plastic, while a notable lack of reg-
ulations exists concerning concrete.

However, only four industry norms have been issued to regulate the
manufacture of 3D Printing products (Table 3). The absence of
comprehensive regulations and codes presents challenges to the pro-
motion and advancement of this emerging technology (Kothman and
Faber, 2016). Moreover, the lack of regulations has led to liability issues,
as the unclear accountability system hinders the assurance of quality in

Table 2
Policy functions.
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3D printing projects (Labonnote et al., 2016).

2.3. Construction innovation and policy mixes

C3DP stands as a pivotal and emerging component within the realm
of construction innovation. Investigating various factors and employing
analytical frameworks within the context of construction innovation
yields invaluable insights for this research endeavour.

2.3.1. Construction innovation

The construction industry, like many others, undergoes transitions
driven by advanced technology. Despite the availability of sustainable
and cutting-edge technologies and concepts such as BIM, MIC, and green
building, the industry is often criticized for its conservative nature. The
shortage performance can be attributed to various factors, including
insufficient funding for R&D, limited cooperation between different
research parties and a fragmented supply chain (Ali et al., 2022).

To respond to the hindrances, some studies have pinpointed a range
of factors that contribute to the advancement of the construction in-
dustry. These encompass industry-driven best practices, financial
backing, human expertise and transparency, governmental backing,
research and development, self-reliant ethos, institutional reinforce-
ment, and assistance from developmental agencies (Ali et al., 2022;
El-Sayegh et al., 2020; Zhang et al., 2019). Besides, Chang et al. (2019)
emphasised the pivotal role of government leadership and funding, in-
dustry coordination, and regulatory policies in propelling construction
innovation.

Government policies have been recognised as crucial in facilitating
the transformation of the construction industry and the adoption of new

Provide funding for additive manufacturing-related R&D (Ministry of Industry and Information Technology, 2015) (Ministry of

Set up talent incentive mechanisms and policies about transmuting the research results and products into stock, stock options
and other rewards to attract domestic and oversea talented personnel (Ministry of Industry and Information Technology, 2015).
Guide the banks and institutions to strengthen the support of credit and loans for the additive manufacturing industry (Ministry

Support the financial guarantee institution provides credit guarantee for related enterprises (Ministry of Industry and
Encourage the enterprise to finance through the listing or issuing financial products (Ministry of Industry and Information

Selective forerunners in additive manufacturing as role models and encourage the government to give priority to cooperating
with forerunners. Provide incentives, including funding and credit and fund support to the forerunner (State Administration for
Market Regulation, National Development and Reform Commission, Ministry of Finance, Ministry of Industry and Information
Technology, Ministry of Finance, Ministry pf Ecology and Environment ... Ministry of Science and Techonology, 2018).
Develop tax support policies for the software, design and equipment in the additive manufacturing industry; Free of tariffs and
import duties for part of components for additive manufacturing components, including powder bed, powder feeding and wire
feeding electron beam equipment (Ministry of Finance, Ministry of Industry and Information Technology & National
Development and Reform Commission, 2018, Ministry of Industry and Information Technology, 2015);

Preferential income and import tax policies are provided for enterprises that purchase equipment, materials and components
(Ministry of Finance & Ministry of Industry and Information Technology, 2016).

Plan to construct and improve the additive manufacturing standard system and intensify its implementation (Standardisation

Category Sub-category Specific context
Monetary R&D .
Science and Technology, 2022).
Talent .
Financing .
of Industry and Information Technology, 2015);
L]
Information Technology, 2015);
L]
Technology, 2015);
L]
Tax incentives .
L]
Non- Top-Management commitment .
monetary

Talents

Collaboration and resource
management

Administration, Ministry of Industry and Information Technology, Ministry of Science and Technology, Ministry of Education,
National Medical Product Administration & Academy of Engineering, 2020; Ministry of Finance & Ministry of Industry and
Information Technology, 2016);

The clear guidance for setting up the standards for additive manufacturing equipment (Ministry of Industry and Information
Technology & Standardization Administration, 2021; Ministry of Industry and Information Technology & Standardization
Administration, 2018)(MIIT & SA, 2018; MIIT & SA, 2021);

Formulate the regulations and code with related enterprises (Ministry of Industry and Information Technology, 2015);
Establish an additive manufacturing committee of experts which focuses on the research of industry development and policy
(Ministry of Industry and Information Technology, 2015).

Organise additive manufacturing knowledge training for the teachers and set up related disciplines (Ministry of Industry and
Information Technology, 2015).

Strengthen the communication and collaboration among colleges, research institutions and enterprises (Ministry of Industry
and Information Technology, 2015; Ministry of Finance & Ministry of Industry and Information Technology, 2016);
Encourage overseas enterprises to establish a research base in China and the cooperation between domestic and overseas
enterprises (Ministry of Industry and Information Technology, 2015);

Encourage cooperation between enterprises and colleges to establish related disciplines in colleges (Ministry of Industry and
Information Technology, 2015).
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Fig. 1. The focus of 3D Printing regulations in China.

Table 3
3D printing-related regulations in the construction industry.
Year Items Department
2020  Technical specifications for concrete 3D Printing CECS
2022  Test methods for basic mechanical properties of 3D-printed =~ CCPA/
concrete CBMF
2022  Test method for printability of 3D printing fresh concrete CCPA/
CBMF
2022  Standard polymer composites large-scale 3D-printing CECS

Abbreviations: CCES-China Association for Engineering Construction Stan-
dardization; CCPA-China Concrete and Cement-based Products Association;
CBMF-China Building Material Federation.

technologies to address challenges (Kwan et al., 2019). Regulatory and
standard policies stimulate market demand and provide guidance for
innovation direction (Chang et al., 2019). However, Zhang et al. (2019)
argue that these policies have not been effectively implemented, high-
lighting the need for a comprehensive understanding of their effective-
ness and feasibility. Therefore, a holistic understanding of different
practitioners’ and experts’ perspectives regarding effective supporting
policies is necessary.

2.3.2. Policy mixes

The imperative of addressing environmental challenges necessitates
the transition of industries towards sustainable innovation. However, a
multitude of challenges arise in the specific context of C3DP industry,
including R&D imbalances, limited cooperation, and inadequate and
ineffective policies. Consequently, the development of this industry
necessitates the guidance of well-constructed and proactive policies.

As societies evolve to become increasingly dynamic, decentralized,
and intricate, the policy mix assumes a critical function in fostering
innovation through interactions among stakeholders, tools, and in-
stitutions (Flanagan et al., 2011). The design of a policy mix is a complex
task, requiring careful consideration of instrument interplay and
compatibility, with an emphasis on cohesion and coherence within the
mix itself (Flanagan et al., 2011). Hao et al. (2020) showed that com-
bined policies can generate cumulative impacts exceeding individual
measures, driven by their synergistic effects, while inconsistent policy
mixes may hinder specific objective attainment. The pivotal role of ac-
tors and institutions driving societal shifts is often underestimated,
despite their critical preferences, making it imperative to comprehend
stakeholders’ inclinations towards policy blends for proficient strategy

formulation (Kern et al., 2019). Designing policy mixes for sustainability
transitions is challenging due to the requirement for cross-sector policies
and the presence of uncertainties (Kern et al., 2019). To tackle this
challenge, Kivimaa and Kern (2016) have introduced an analytical
framework known as “creative destruction” for crafting innovative
policy mixes in sustainability transitions. This framework encompasses
two key dimensions: “creativity”, which fosters niche market innovation
and expansion, and “disruption”, which involves the dismantling of
existing institutions to pave the way for sustainable innovation. In the
realm of innovation policy, government and public organizations
initiate actions to influence the innovation process.

The aforementioned research emphasises the pivotal role of policy
mixes and underscores essential considerations for their development.
While previous research has explored the diversity of policies and their
impacts on organizational practices in different contexts, there is limited
empirical evidence on how complex policy mixes influence the imple-
mentation of radical innovations like C3DP (Rogge and Reichardt,
2016). Therefore, this study investigates stakeholder perceptions of
policy mixes in the C3DP field in China, using the “creative destruction”
framework. By gaining insights into stakeholder perspectives, this
research contributes to a better understanding of policy implications for
C3DP implementation.

3. Research methodology
3.1. Q methodology

This study employs the Q methodology to obtain the individual
perspectives of stakeholders on C3DP-related policies. Q methodology is
a research technique that combines qualitative and quantitative
methods to study subjectivity (Duncan Millar et al., 2022). The process
involves participants rank ordering a set of opinion statements onto a
grid, followed by a factor analysis to identify clusters of shared view-
points. The method can be divided into three steps including Q-set
development, Q-sorting and data analysis. It blends the advantages of
both qualitative and quantitative research, allowing the exploration of
individual concerns and different stakeholder discourses (Boom et al.,
2020; Chang et al., 2019). It was initially applied in psychology subject,
and it has been exploited in other fields, including environment (Webler
et al., 2009), social sciences (Wu and Forbes, 2022) as well as policy
research (Boom et al., 2020; Chang et al., 2019; Sneegas et al., 2021).
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3.1.1. Developing Q-Set

Identifying Q-samples and generating the Q-set are critical proced-
ures in the Q methodology. It involves gathering a diverse set of state-
ments related to the target topics and then screening to create a
representative pool of concourses (Wu and Forbes, 2022). Various print
media sources such as news articles, websites, and public records can be
utilised to collect the concourses, (Webler et al., 2009). For this study,
the prospects and opinions regarding C3DP policies have been identified
by conducting a literature review and library research using keywords
such as “3D printing for construction” and “Policies".

The study employed a structured Q set and an analytical framework
rooted in potential innovation-influencing policy instruments, known as
“creative destruction,” to categorise concourses (Kivimaa and Kern,
2016), with this framework originally devised for policy mixes in sus-
tainability innovation transitions. This research only evaluated the
“creation” dimension due to the nascent stage of C3DP and its limited
implementation. Table 4 presents seven elements under the “Creative”
dimension and related interpretations and Table 5 shows the Q sample.

3.1.2. Q-sorting

In this stage, participants were invited to sort their perspectives for a
set of stimuli (statements) by using a quasi-normal distribution table
(Fig. 2). Subsequent to this, focused interviews were conducted to
further explore stakeholders’ viewpoints on statements with which they
hold strong disagreement or agreement.

3.1.3. Data collection

According to Webler et al. (2009), respondents in a Q study should
possess pertinent knowledge and a well-defined perspective. The sample
size is guided by two general principles: The upper limit typically con-
stitutes one-third of the total number of statements, whereas the lower
limit is contingent on the number of perspectives under investigation,
with an aim of approximately three participants per perspective. As a
result, this study aimed to include over 10 experts well-acquainted with
the knowledge of C3DP. Snowball sampling was used to recruit partic-
ipants, resulting in a final sample of 15 participants, including three
designers, three enterprise managers, four engineers, and five re-
searchers. Table 6 shows the respondents’ profiles.

3.2. Data analysis

In order to extract factors representing groups of respondents with
similar perspectives for further analysis, The study uses PQMethod
(version 2.35) to analyse the collected results from the Q-sorting pro-
cess. Principal component factor analysis (PCA) is initially conducted to
extract eight unrotated factors, with factors having eigenvalues <1.0

Table 4
Functions of policy instrument under “creative”.

Creative (Niche Support)
Functions of policy instrument

Interpretation

(C1) Knowledge creation,
development and diffusion

The promotion and innovation of knowledge in
the whole industry, as well as their
dissemination, include the R&D, education
The formation of the niche market through
demand creation

Improvement in market competitiveness

(C2) Establishing market niches/
market formation
(C3) Price-performance

improvements through price advantage
(C4) Entrepreneurial The increasing adoption of innovative
experimentation technologies in enterprises to expand markets

and networks

The coordination of human and financial

resources as well as network infrastructure etc.

Legitimacy and support from the authorities,

including government departments with

distinct functions

(C7) Influence on the direction of ~ The future development direction and vision
search stipulated by the authority

(C5) Resource mobilisation

(C6) Support from powerful
groups/legitimation
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Table 5
Q samples.

No. Statements

Prospects of 3D Printing in Mainland China

1 3D Printing will be widely available in the construction market in the future.

2 C3DP (Additive Manufacturing in Construction) will gradually supersede the
conventional construction method in China in the next 10-20 years.

3 3D Printing is a complementary technology in the construction sector and will
not supplant the conventional construction method.

4 The transition of C3DP should be progressed in a gradual way; otherwise,
widespread scepticism from society and other negative results will be caused.

5 The extensive application of C3DP is necessary to comply with the sustainable

development of China.
(C1) Knowledge Creation, Development and Diffusion

6 There is still a wide gap in the R&D of C3DP between China and other
developed counties (e.g., the USA and Europe).

7 Systematically quantifying the benefits (such as life-cycle costs) of 3D-printed
buildings will allow the industry to understand the technology’s advantages.

8 The research is constrained by high R&D costs.

9 There still exists problems of instability of skills and products, and it need to
wait for further improvement and upgrading before they can be widely used.

10 The government should focus on the results of the R&D when encouraging
R&D and avoid egalitarianism in incentive policy.

11 The breakthrough in printing material is the foundation of the development of
C3DP.

12 Many studies have been performed to develop technical aspects, but
nontechnical fields are overlooked (e.g., cost and management).

13 The cross-countries communication regarding AM should be intensified by the
government.

14 The establishment of C3DP-related disciplines, subjects and degrees should be
encouraged to reserve talent resources.

15 Cross-disciplines research should be encouraged in the R&D of C3DP.

(C2) Establishing Market Niches/Market Formation

16 3D printing buildings have great market potential because of their design
flexibility.

17 Materials and labour that can reduce the construction process make C3DP
more attractive.

18 China’s green building evaluation standards should add extra points for 3D-
printed buildings to enhance the technology’s market appeal.

19 The question of the safety and quality of the C3DP from the Chinese public will
hinder its development.

20 The development of C3DP largely depends on the degree of customisation
requirements in the construction industry.

21 The standard for the whole production process of C3DP, including design,
construction, and acceptance inspection, should be formulated to guarantee its
quality and safety.

22 The C3DP is supposed to enter the market from the edge areas first, like villas,
small-scale buildings and pilot buildings, and improve before entering the
mainstream market.

23 Technology should be first applied in major and landmark projects to build a
demonstration effect.

24 The application of C3DP should be started by building components to form a
demonstration effect.

(C3) Price-performance Improvements

25 The production cost of C3DP is high due to small-scale production and
expensive equipment and materials.

26 At the initial stage of application, the global supply chain can be utilised to
import equipment and materials and improve product cost performance.

27 Cost is not the main problem for the application of C3DP since it will be
overcome with the development, and we should wait for some time.

28 Cost is a crucial factor for the application of C3DP. It is essential to conduct
research aiming at decreasing the cost.

29 Subsidies can be provided to C3DP manufacturers by the government to help

them lower the product price.

(C4) Entrepreneurial Experimentation

30 Materials and labour that can reduce the construction process make C3DP
more attractive.

31 The government should strengthen cooperation with both big and small
enterprises to popularise the application of C3DP.

32 Low-interest rate loans and risk investments can be offered to stimulate
entrepreneurship and improve their financing ability.

33 The government should encourage entrepreneurship to promote
breakthroughs in 3D printing technology and enrich the product types in the
3D printing construction market.

(C5) Resource Mobilisation

34 Coordination of resources from multiple industries is significant for
intensifying the feasibility and influence of the C3DP.

(continued on next page)
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Table 5 (continued)

No. Statements

35 Information sharing, including patents and code, is important to drive the
development and application of C3DP.

36 The government is supposed to establish a cooperative alliance to strengthen
communication and information sharing between research institutions,
enterprises, and the government.

37 The cooperation between the universities and enterprises should be reinforced
to cultivate more talent for C3DP.

38 Multi-channels and diverse financial mechanisms should be built to render
more venture capital and equity investment inclined to the C3DP field.

(C6) Support from powerful groups/legitimation

39 The support of the upstream industries (such as machinery, materials, etc.) will
play a significant role in the development of the technology.

40 Enterprises tend to be conservative towards new technology. The attitude of
the leaders plays a crucial role in the successful application of C3DP.
41 The government are encouraged to establish a C3DP development steering

group for plan formulation, organisation, coordination, and management.

42 The development of C3DP requires an independent and complete supportive
scheme but not only as a complementary technology for MIC (Modular
Integrated Construction).

43 Government procurement can adopt C3DP to take the lead in the initial stage
of C3DP development.

(C7) Influence on the direction of search

44 The R&D direction of C3DP should avoid mismatch or duplication among
universities, institutions and companies, which may lead to the
homogenisation and singleness of the products.

45 The government should clearly define the development principle, stage target,
technical route, key task, policy and action to make a top-level design and
overall planning and coordination.

46 The China government can refer to the advanced technology programme in
developed countries to build Generic technology R&D system

47 The government should build a scientifical industry landscape to promote the
development of the whole industry chain for C3DP.

48 The promotion of C3DP requires integrating other advanced technologies,
including BIM, to construct a new digital manufacturing system.
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where the results of the loading range from 1.0 (strong association) to
—1.0 (strong dissociation). The auto-flagging function in PQMethod is
applied in this study using a threshold p-value of <0.05. Respondents
with correlation scores above the threshold of 0.5 are auto flagged
(marked with X).

Based on the results, the majority of participants align with factor 1,
which includes one designer, two engineers, and three researchers.
Factor 2 comprises two enterprise managers. Both factor 3 and factor 4
are represented by three participants. One participant (ID:11) does not
show a significant correlation with any factors and is considered
confounded, thus excluded from further analysis and discussion.

4.2. Perspective interpretation

Fig. 3 shows the result of the overall configuration of prototype
factor arrays. These arrays reveal the different arrangements of state-
ments for each factor, enabling the identification of distinct perspectives
(Zabala, 2014). The four-factor arrays represent the aggregated view-
points of specific stakeholder groups and have been summarised as
following four perspectives 1) Conservatively Exploration; 2) Aggressive
progression; 3) Intensive Investigation; 4) Tentative Stimulation. The
study interpreted the four perspectives based on the collected data to
gain insights into the opinions of different stakeholder groups.

Fig. 4 shows an overview of the distribution of statement ratings
from the four perspective arrays. Furthermore, interview records have
been quoted to support the explanation and validation of the identified

Table 6
Profile of respondents.

D Category of Group Years of Experience in C3DP
1 Designer 1 year
considered insignificant and disregarded. However, interpreting the 2 Enterprise Manager 10 years
factors extracted from PCA can be challenging when the sub-space is 3 Designer 1 year
expressed as a dense basis with numerous non-zero weights. To address 4 Enterprise Manager 5 years
. . . .. . . 5 Enterprise Manager 8 years
this, varimax rotation is introduced to rotate the four factors with ei-

. K . 6 Researcher 1 year
genvalues >1.0 obtained in the previous step (Chang et al., 2019; 7 Engineer 4 years
Webler et al., 2009). 8 Researcher 5 years

9 Engineer 2 years
10 Engineer 11 years
. Results
4 R 11 Researcher 2 years
12 Engineer 4 years
4.1. Loading results and factor arrays 13 Designer 7 years
14 Researcher 3 years
Table 7 presents the factor loading results and their characteristics, 15 Researcher 7 years
Strongly ] Strongly
.C Neutral ]
Disagree -2 -1 1 2 Agree
2 ]
= e }

Fig. 2. Quasi-normal distribution table.
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Table 7

Rotated factor matrix and factor characteristic.
ID Interviewee Group Factor 1 Factor 2 Factor 3 Factor 4
1 Designer 0.0414 0.0049 0.7578%x  0.0758
2 Enterprise Manager 0.1097 0.224 -0.2124 0.7514X%
3 Designer 0.6978X% 0.224 0.105 0.1779
4 Enterprise Manager 0.3178 0.8114X% —0.0936 0.1375
5 Enterprise Manager 0.0139 0.7424X% 0.1381 0.3403
6 Researcher —0.1287 0.0854 0.2174 0.6570%
7 Engineer 0.6915X  0.0335 0.0008 —0.0744
8 Researcher 0.7965X% —0.1187 0.0075 0.1763
9 Engineer 0.0945 0.2085 0.7011X% 0.2589
10  Engineer 0.2761 —0.3961 0.6387X% —0.0534
11 Researcher 0.4473 0.3033 0.096 0.3619
12 Engineer 0.6416% —0.4346 —0.038 0.3619
13 Researcher 0.1767 0.1209 0.2539 0.6596 %X
14 Researcher 0.6986% 0.2354 0.3481 —0.0633
15 Designer 0.5726X% 0.2177 0.3432 —0.18312
Explained Variance (%) 22 13 13 14
Number of variables 6 2 3 3
Average relative coefficient 0.8 0.8 0.8 0.8
Composite reliability 0.96 0.889 0.923 0.923
Standard error of factor scores 0.2 0.333 0.277 0.277

Note: “X” indicates defining factor loading flagged for computing factor scores.

perspectives.

4.2.1. Perspective 1: conservative exploration

Perspective 1 comprises six participants, consisting of two designers,
two engineers, and two researchers. It accounts for 22% of the variance
in the study. Individuals holding this perspective view C3DP as a com-
plementary technology in the construction market [Statement 3; +3],
but they doubt whether the C3DP can fully replace traditional con-
struction methods in the future [Statement 2; —3].

... I think it is difficult for 3D printing to completely replace the current set
of industrial systems at present, so I think it is unable to eliminate the
current technology, but it can only join as a complementary technology ...
(#15)

With the rapid development of advanced technology, intelligent
construction has emerged as a prominent trend and various innovative
construction technologies have demonstrated their capabilities and are

Array of Factor 1
-3 -2 -1 0 1 2 3
2 8 6 10 13 1 3
5 16 17 11 14 7 4
27 20 18 19 15 12 9
29 32 26 30 23 22 21
40 33 31 24 28
42 35 36 25 45
38 37 34
41 39 47
44 43 48
46
Array of Factor3
-3 -2 -1 0 1 2 3
18 2 8 1 15 3 4
20 14 10 17 21 5 7
24 23 11 26 25 6 9
44 28 12 29 27 30 13
31 16 33 36 34
32 19 35 37 42
22 38 45
40 39 46
47 41 48
43
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being actively implemented. While C3DP possesses unique advantages,
respondents still perceive it as occupying a portion of the market rather
than becoming mainstream [Statement 1; +2]. This perspective is also
reflected in their disagreement that C3DP is the sole solution for
achieving construction sustainability [Statement 5; —3]. Furthermore,
stakeholders strongly dispute the aggressive promotion of C3DP
[Statement 2; —3]. Their concerns revolve around potential negative
outcomes such as an opaque industry, market disorder, the “bad money
drives out good” phenomenon, and widespread scepticism (Statement 14;
1).

Participants in Perspective 1 believe that the immaturity of skills and
products is a significant hindrance to the promotion of C3DP [Statement
9; +3]. They emphasise the importance of making progress and break-
throughs in C3DP to facilitate its widespread application. Besides, par-
ticipants in this perspective prioritise the acceleration of the formulation
of design, construction, and inspection standards. They believe that
these regulations and standards are essential for ensuring the quality and
safety of C3DP and reducing the risk of skill and product instability
[Statement 21; +3]. Some participants also view this policy as a means
to establish a niche market by instilling market confidence in C3DP
products.

Another obstacle recognised by Perspective 1 is the cost [Statement
27; —3]. The cost of C3DP skills, materials, and equipment is high due to
its early stage of development and the limited production scale of C3DP.
Nevertheless, representatives of Perspective 1 strongly disagree with the
idea of providing subsidies to additive manufacturing contractors to the
government [Statement 29; —3]. This disagreement is particularly
evident when comparing the z-score of this statement with the other
perspectives (Fig. 5). They highlighted that market demand, rather than
companies’ capabilities, drives the motivation for mass production.
Also, technology assistance, rather than financial assistance, was
considered more effective in reducing manufacture costs through tech-
nological improvements. In terms of market entry, this group expressed
relative support for starting with 3D printing components, as it can have
a promotional and demonstrative effect [Statement 24, 1].

... Providing subsidies to stimulate the adoption of C3DP is unable to solve
the root problem, which is a technical breakthrough. Incentive policies of
the government are short-term, which is just temporary relief (#12).

Array of Factor2
-3 -2 -1 0 1 2 3
2 1 3 7 10 4 14
6 5 9 8 18 11 15
25 19 12 13 23 17 37
26 20 32 16 31 34 38
27 40 21 33 39
30 41 22 35 42
43 24 36
44 28 45
46 29 47
48
Array of Factor4
-3 -2 -1 0 1 2
8 6 2 1 5 13 3
12 11 4 7 17 15 14
26 19 9 18 27 16 22
44 20 10 25 33 21 31
28 24 32 34 23
35 29 36 40 37
30 38 45
39 41 46
42 43 48
47

Fig. 3. Four rotated factor arrays.
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Prospects of 3D Printing

in Mainland China and Diffusion (C1)

Knowledge Creation, Development
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Establishing Market
Niches/Market Formation (C2)

3
2
1
0
0
-1
2
-3
Price-performance Entrepreneurial Resource Support from powerful Influence on the
Improvements (C3) Experimentation (C4)  Mobilization (C5)  groups/legitimation (C6) direction of search (C7)
2
1
0
24
-1
-2
E

—e—Perspective |

—e—Perspective 2

—e—Perspective 3

—e—Perspective 4

Fig. 4. Comparision of 4 perspectives’ statement scores.

.. it (subsidies) may breed opportunism, market chaos, and waste of
funds without a detailed review mechanism and strict implementation for
subsidy distribution (#14).

Overall, Perspective 1 takes a cautious and optimistic view of the
future of C3DP, perceiving it as a niche option within the construction
industry alongside other rapidly advancing techniques. The develop-
ment strategy proposed under this perspective emphasises the accu-
mulation of knowledge (C1) and the exploitation of niche markets (C2).
The focus is on establishing a strong foundation of technical and non-
technical knowledge before widespread implementation. The
approach to market creation is seen as exploratory and moderate, aimed
at generating interest and establishing a solid market base.

4.2.2. Perspective 2: aggressive progression

Perspective 2, represented by two enterprise managers, stands out as
an intriguing contrast in this study, explaining 13% of the variance.
Different from other perspectives, they believe that C3DP has the po-
tential to become mainstream in the market [Statement 1, -2]. This
viewpoint is further supported by the notable difference in the z-score
compared to the other three perspectives [Statement 3, Fig. 6], where it
stands at —0.39 while the other perspectives consistently lean towards
positive extremes.

... Facing labour shortages, environmental challenges, and increasing
customisation demand, the advantages of C3DP are becoming prominent.

Itis possible for C3DP to overcome its limitation in the distant future ... (#
5)

Perspective 2 expresses confidence in the state-of-the-art develop-
ment of C3DP in Mainland China [Statement 6; —3]. Interviewees
argued that China is considered one of the leading countries in C3DP,
evident from the development of robotic 3D printing systems by Chinese
universities and the geographical distribution of C3DP service providers,
which are primarily located overseas. This comment aligns with their
disagreement regarding the need to lower prices by importing materials
or equipment from the global supply chain [Statement 26; —3]. Unlike
the other three perspectives, they argued that local products are capable
of meeting their requirements, and the price of C3DP generally aligns
with their expectations based on their prior experience [Statement 25;
-31.

Perspective 2 emphasises the significance of incorporating C3DP-
related modules into college curricula to facilitate knowledge dissemi-
nation [Statement 14; +3]. It highlights the need for new talent to
harness this emerging technology, particularly in response to concerns
about the conservation of traditional labour practices and labour
shortages. Furthermore, this perspective strongly acknowledges the
importance of interdisciplinary coordination in advancing C3DP
[Statement 15; +3].

... It (C3DP) involves many aspects, including materials, equipment, as
well as the printing process etc ... If these disciplines are not interlinked,
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Fig. 5. Z-score for the distinguishing statements of perspective 1.

the whole research and advancement in a single field will be hindered ...
#4

Perspective 2 stands out for its strong support of all policy functions
under Resource Mobilisation (C5). This can be attributed to the immense
scale of the construction industry and its corresponding resource de-
mands. Therefore, Perspective 2 gave prominence to the cooperation
between tertiary institutions and companies to exchange qualified
personnel and knowledge [Statement 37; +3]. Such collaboration ben-
efits universities by securing funding, facilitating research result trans-
formation, and offering students practical opportunities. Similarly,
enterprises can leverage this cooperation to update their technology,
provide training, and bring in new talent. Perspective 2 not only em-
phasises the collaboration between academia and industry but also
places high value on information sharing among industry stakeholders
and other institutions.

... The university has some testing equipment or methods of building
materials and structures while we have printing equipment. Students can
come to our laboratory to print some products. Our products can be tested
by the university, and these data can be shared ...

... When we tried to print residential buildings, we also sought professional
engineers and qualified construction units for cooperation. The combi-
nation of the two parties can ensure security and pass the qualification
review while realizing the C3DP application ... (#4)

Furthermore, Perspective 2 places a high value on financial re-
sources, distinguishing itself from other viewpoints [Statement 39; +2].
This emphasis can be attributed to the capital-intensive nature of the
construction sector. The role of the 2 participants (Enterprise Manager)

also reflects the demand for expanding operations in a company.

In conclusion, Perspective 2 can be characterised as aggressive and
ambitious, with an optimistic outlook on the present situation and future
prospects of C3DP. The two enterprise managers in this perspective hold
a long-term view and have a strong belief in the growth potential of the
technology. They emphasise the importance of Knowledge Diffusion
(C1) and Resource Mobilisation (C5) policy functions for industry
growth and expanding the influence of C3DP.

4.2.3. Perspective 3: intensive investigation

One designer and two engineers belong to Perspective 3, accounting
for 13% of the explained variance. Perspective 3 holds a nuanced view of
the future of C3DP. While they agree that C3DP is a complementary
technology [Statement 3; +2], they are uncertain about its potential to
completely replace traditional methods [Statement 2; —2] or become
mainstream. They share a common opinion on adopting a gradual
development path [Statement 4]. Notably, Perspective 3 recognises the
importance of C3DP for the sustainability mission in China [Statement 5;
+2].

... C3DP is environmentally friendly. It saves construction materials, re-
duces construction waste, as well as generates little dust during con-
struction (#10).

... C3DP has the potential to replace human beings working in harsh
environments and even achieve unmanned construction, which improves
safety and achieves sustainability ... (#1)

Perspective 3 acknowledges the need for further research and
improvement in the development of C3DP [Statement 9; +3], recognises
the developmental gap between C3DP in China and more developed



Q.-C. Wang et al.

- - = Perspective 1

Perspective 2
38

16

Developments in the Built Environment 16 (2023) 100271

Perspective 3 Perspective 4

35

Fig. 6. Z-score for the distinguishing statements of perspective 2.

countries [Statement 6; +2], and emphasises the importance of fostering
communication and collaboration among academics, enterprises, and
institutions [Statement 13; +3]. However, they disagree with the
importance of design flexibility and market demand for customisation in
C3DP development in China. Perspective 3 emphasises the need for
systematic quantification of C3DP in China and highlights that quanti-
fication will enable a better understanding of C3DP’s advantages for
both society and the industry [Statement 7; +3].

... Systematically quantifying the benefits of C3DP can refine the ad-
vantages of C3DP ... so as to analyse the future development direction and
market position of 3D printing architecture .... (#10)

... Specific and clear quantitative results and data can eliminate the
misunderstanding ... the more prominent its advantages are, and the more
people will be willing to participate in the research and application ...

(#1)

Perspective 3 expresses a largely unfavourable view towards the
policy suggestions under Establishing Market Niche/Market Formation
(C2), disagreeing with the idea of demonstrating C3DP through 3D
printing building components [Statement 24; —3] and exhibiting res-
ervations about utilising C3DP in landmark or major projects [Statement
23; —2]. They concerned about potential marketing gimmicks and
excessive market expectations associated with too many demonstration
programs.

... Their surface quality is poor ... Therefore, they considered it might fail
to provide customers with intuitive feelings ... over-marketing by social
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media led to marketing gimmicks and high market expectations ... The
market has gradually lost confidence in C3DP ... (#9)

Fig. 7 shows that Perspective 3 is more aligned with the belief that
the current cost of C3DP is expensive and presents a barrier [Statement
30] than the other perspectives. They discourage the suggestion of
providing additional scores for C3DP projects in green building evalu-
ation standards to enhance its appeal [Statement 18; —3]. Instead of
blindly stimulating the market, Perspective 3 emphasises the utmost
importance of understanding C3DP’s market potential and positioning
in China, advocating for thorough investigation and research before
implementing incentives to avoid the wastage of resources. They also
highlight the necessity of a conducive and comprehensive R&D envi-
ronment for C3DP’s development, promoting technology complemen-
tarity and collaboration among different research entities [Statement
44; -3].

Overall, Perspective 3 acknowledges the potential of C3DP for sus-
tainability but emphasises the need for clarity regarding its market po-
tential and positioning in China. Rather than rushing into the market
(C2) and implementing incentives, they advocate prioritising research
and development (C1) to quantify the advantages of C3DP and evaluate
its market potential.

4.2.4. Perspective 4: tentative stimulation

Two researchers and one enterprise manager were primarily asso-
ciated with Perspective 4, explaining 14% of the research variance.
Compared to the other three perspectives, Perspective 4 is uncertain
about the growth potential and prospects of C3DP, firmly believing that
it cannot fully replace the traditional construction methods [Statement
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Fig. 7. Z-score for the distinguishing statements of perspective 3.

3; +3]. this perspective slightly agrees that the promotion of C3DP is
insufficient due to the limited number of individuals involved in this
field in China (Fig. 8).

Hence, Perspective 4 supports various incentives to stimulate the
market. While differing on the hindrances of high R&D costs [Statement
8; —3] and insufficient non-technical research [Statement 12; —3],
Perspective 4 recognises the importance of knowledge diffusion policies
[Statement 13; Statement 14; Statement 15].

. if this industry wants to move forward, new blood is necessary to
promote it ... (#6)

A diffusion of knowledge of C3DP is necessary. The resistance in the
process of application will be reduced when people have a certain un-
derstanding of it ... it is very helpful for the development of this technology
.. (#2)

Promoting market initiatives (C2) and fostering entrepreneurship
(C4) are deemed crucial. Perspective 4 suggests that C3DP can explore
niche markets [Statement 22; +3], such as villas, public lavatories, and
featured landscapes, as a starting point for creating its market.

... These small-scale projects with less strength and size requirements fit
with the current technology level of C3DP, enabling C3DP to try to open
its market ... (#2)

Although uncertain about the development trend of C3DP, Perspec-
tive 4 recognises its advantages and market potentials, such as cost
savings in material and labour [Statement 17; +1]. They also recognise
the design flexibility of C3DP and believe it will be a strong attraction for
customisation [Statement 16; +2], suggesting undertaking projects with
complex design work. However, Perspective 4 raises concerns about the
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potential impact on existing enterprises [Statement 40] and supports
collaboration between C3DP start-ups and leading contractors [State-
ment 31; +3] to facilitate the integration of C3DP into the market and
promote the development of emerging enterprises. In terms of future
research direction (C7), Perspective 4 advocates for non-intervention,
allowing free products to lead to a flourishing future [Statement 44; —3].

In summary, Perspective 4 acknowledges the uncertain development
trend and the prospect of C3DP but recognises its promising advantages.
Therefore, it suggests exploring the potential of C3DP through knowl-
edge diffusion (C1), market creation (C2), and entrepreneurship (C4) to
stimulate its growth.

4.3. Consensus among perspectives

As demonstrated in Table 8, despite the presence of differences,
several common views are shared among the four perspectives. The
consensus policies emphasise resource mobilisation and the influence of
research direction. These policies encompass the definition of clear
development principles and plans, the fostering of interdisciplinary
research, the coordination of resources, the integration of C3DP with
other advanced technologies, and the establishment of a collaborative
C3DP alliance. There is unanimous disagreement regarding the
replacement of traditional construction methods by C3DP shortly and an
emphasis on the importance of customisation for its development.
Additionally, there is slight opposition to the government’s establish-
ment of a C3DP development steering group. All stakeholders confirm
the crucial role of policy in driving innovative technology development.
By leveraging its influence and establishing collaboration platforms, the
government can enhance efficiency.

The stakeholders of the four Perspectives all believe that the
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Fig. 8. Z-score for the distinguishing statements of perspective 4.

government should formulate clear development principles and plans to
provide clear guidelines for the future of the industry. The plans and
roadmaps can help all parties in the industry to better understand the
direction and goals of the industry and provide guidance for their de-
cisions and practices. The guiding role of the government can promote
the rational allocation of resources, help the industry standardise its
development, and improve the competitiveness and influence of the
C3DP (Statement 45).

In the development of the C3DP industry, cooperation between all
parties is crucial. Stakeholders believe that the government can establish
an open platform to help coordinate the communication and coopera-
tion among academics, enterprises and the government, so that various
stakeholders can share information, for example, to promote the feasi-
bility of C3DP becoming a widely used practice in the construction in-
dustry, the costs and benefits of C3DP, China’s R&D capabilities and
market demand, in order to provide advice on the development of C3DP
and formulate a blueprint for the development of C3DP in China
(Statement 36). The government can exert its influence to promote
cooperation among different stakeholders and improve cooperation
efficiency.

However, the stakeholders object to the government’s excessive
interference in the development of the C3DP industry. They believe that
the government should provide support and coordination for coopera-
tion among all parties, rather than too much interference in cooperation
methods and arrangements. They emphasised that the role of the gov-
ernment should be to promote a virtuous circle of industry development
and help resolve obstacles that may be encountered in cooperation, so as
to promote the prosperity and development of the industry (Statement
41).
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In addition, the stakeholders oppose the view that C3DP technology
will replace traditional construction technology within 10-20 years
(Statement 2). This implies that none of the stakeholders sees the
development of C3DP as contradictory to traditional construction
techniques. On the contrary, C3DP can serve as a supplement to tradi-
tional construction technology and promote the transformation of the
construction industry. Therefore, the government provides corre-
sponding policies to promote the integration of the traditional con-
struction industry and C3DP enterprises. On the one hand, the
government can encourage traditional contractors to actively embrace
C3DP technology. For example, let registered engineers understand the
advantages and operating procedures of the technology through in-
dustry training and publicity. On the other hand, the government can
also help C3DP enterprise Datong and the barriers between traditional
contractors. For example, the government can promote supply chain
integration and professional exchanges among these enterprises, assist
them to complement each other and promote cooperation among them.
These policies can integrate existing C3DP companies that are outside
the industrial chain of the construction industry into practical scenarios.

Stakeholders agree that multi-industry resource collaboration is of
great significance in enhancing the feasibility and influence of C3DP
(Statement 34). They realised that the development of C3DP requires the
integration and sharing of resources and expertise from different in-
dustries. The status quo of China’s CD3P industry is usually that various
institutions invest in all aspects of C3DP such as materials, equipment
and technology, which leads to waste of resources and low efficiency of
development. They believe that through the collaboration of multi-
industry resources, professionals and enterprises in different fields can
participate in the R&D, design and implementation process of C3DP, and
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Table 8
Consensus statements among all perspectives.

No. Statement Z-Score of Each Perspective

P1 P2 P3 P4

45 The government should clearly 0.77 0.38 0.48 0.22
define the development principle,
stage target, technical route, key
task, policy, and action to make a
top-level design and overall planning
and coordination

Cross-disciplines research should be
encouraged in the R&D of C3DP
Coordination of resources from
multiple industries is significant for
intensifying the feasibility and
influence of the C3DP

The promotion of C3DP requires
integrating other advanced
technologies, including BIM, to
construct a new digital
manufacturing system.

The government is supposed to
establish a cooperative alliance to
strengthen the communication and
information sharing between
research institutions, enterprises and
the government.

2 C3DP (Additive Manufacturing in
Construction) will gradually
supersede the conventional
construction method in China in the
next 10-20 years.

The development of C3DP largely
depends on the degree of
customisation requirements in the
construction industry

The government are encouraged to
establish a C3DP development
steering group for plan formulation,
organisation, coordination, and
management

15 0.75 1.67 0.83 1.10

34 0.41 1.03 0.97 0.55

48 0.35 0.27 0.77 0.33

36 0.19 0.91 0.95 0.22

-1.86 -1.94 -1.08 -0.99

20 -0.99 -1.29 -1.54 -0.99

41 -0.68 -0.38 —-0.05 —0.22

share their experience and technology, thereby enhancing the feasibility
of C3DP. Multi-industry resource collaboration can promote knowledge
exchange and integration, stimulate innovative thinking, and improve
the technical level and research and development capabilities.

Also, stakeholders believe that the R&D of C3DP should encourage
interdisciplinary research (Statement 15). They recognise that the
development of C3DP involves multiple disciplines, including engi-
neering management, material science, architectural design, and project
management. Interdisciplinary research can promote knowledge ex-
change and integration in different disciplines, stimulate innovative
thinking, and provide more comprehensive and comprehensive solu-
tions for the research and development of C3DP. Through interdisci-
plinary cooperation, researchers from different disciplines can
participate in the R&D process of C3DP and share their respective pro-
fessional knowledge and technologies, thereby promoting the innova-
tion and progress of C3DP technology.

Stakeholders agree that the promotion of C3DP needs to be inte-
grated with other advanced technologies, especially with technologies
such as building information modelling (BIM) (Statement 48).
Combining C3DP with advanced technology can realise the digital
process from design to manufacturing, promote information sharing and
collaboration, improve project visualisation and simulation capabilities,
and reduce errors and costs. They called on all parties to strengthen
cooperation and innovation, promote the application and development
of advanced technologies, and jointly promote the extensive application
and promotion of C3DP technology.
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5. Discussion

C3DP is a novel and promising strategy for the sustainable devel-
opment of the construction sector. A policy mix can play an important
role in accelerating its development and adoption. This study employs
the Creative Destruction framework for policy mix to identify policy
suggestions through a comprehensive literature review and employs the
Q methodology to examine various stakeholder perspectives on the
prospect and direction of C3DP policy suggestions. The findings
revealed four distinct perspectives: (1) Conservative Exploration, (2)
Aggressive Progression, (3) Intensive Investigation, and (4) Tentative
Stimulation.

The second perspective, termed Aggressive Progression, anticipates a
larger market for C3DP and emphasises the necessity for knowledge
diffusion and cross-industry support to broaden its influence. This group
primarily consists of practitioners in innovative industries who are
generally optimistic about the development of C3DP in the construction
industry. Their primary policy support needs include (1) knowledge
creation and development, and (2) resource mobilisation. The first
policy demand involves nurturing more professional practitioners who
are well-versed in C3DP technology. Currently, a limited number of
universities offer courses on C3DP and its applications in civil engi-
neering, engineering management, or mechanical engineering. Howev-
er, the technical research and development of C3DP necessitate a
significant number of professionals in the fields of materials, machinery,
computers, and civil engineering. The scarcity of such talent has become
a significant constraint on the development of C3DP enterprises. This
policy demand also encompasses the rapid promotion of C3DP R&D,
including patent rights protection, support for professional talents, etc.
The second demand necessitates innovation in the existing industry
structure and the promotion of the C3DP market through monetary
incentive policies such as government orders and tax exemptions.

On the other hand, practitioners in traditional industries, such as
architectural designers and engineers from traditional contractors and
developers, prioritise maintaining the stable development of the in-
dustry. These stakeholders are primarily distributed in the first and third
perspectives. The ‘Conservative Exploration’ perspective views C3DP as
a supplement to mainstream construction techniques and underscores
the importance of policies for knowledge and market development. The
‘Intensive Investigation’ perspective recognises the sustainability po-
tential of C3DP and underscores the need for an in-depth investigation
and development of knowledge. These stakeholders tend to gradually
promote the application of C3DP technology under the existing industry
structure. Also, they focus more on improving the price competitiveness
of C3DP. The first perspective opposes strong interventions in technol-
ogy promotion by powerful groups, such as mandatory technology
application requirements. There were many stakeholders who expressed
concerns that these policy-driven technology applications would impact
their product or design performance. The third perspective values
C3DP’s excellence in sustainability, while they believe that more
research, transparent data, and actual cases are needed to assist their
decision-making.

The ‘Tentative Stimulation’ perspective advocates for attempts and
experimentation in the market to further explore the technical potential
of C3DP. This group comprises some C3DP business practitioners and
academics. They are not in favour of rapid technological development
under financial incentives, as this may lead to the formalisation of some
technological research and development processes. These stakeholders
advocate for providing more application scenarios for the development
of C3DP. Stakeholders who hold such a perspective believe that it is
challenging for early technology applications to achieve universal
applicability. Although they present less support for forcing companies
in the existing construction industry chain to actively apply emerging
technologies like C3DP, they advocate providing practical cases and
data collection opportunities for the application of C3DP technology
through subsidies or government-led pilot projects. Through application
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in small-scale government-led cases, researchers and C3DP companies
can further understand industry needs and technical deficiencies,
thereby promoting technological progress.

Despite the differences among stakeholders, there is a consensus on
certain issues. By studying this consensus, decision-makers can under-
stand the most crucial policy needs and decision-making directions in
promoting C3DP technology. Firstly, the stakeholders in the study
unanimously agreed on the importance of knowledge creation, devel-
opment, dissemination, and resource mobilisation. It was found that all
stakeholders desire a clear and transparent understanding of the in-
dustry situation, which includes (1) clear views and plans on the tech-
nology of decision-makers, (2) effective industry needs and technology
development, and (3) product standards and requirements. Secondly,
they emphasised the significant role of interdisciplinary technology
collision and research and development in the development and appli-
cation of C3DP. Many stakeholders encourage the establishment of
relevant disciplines and courses to directionally cultivate interdisci-
plinary talents who are familiar with C3DP technology. Thirdly, they
expressed expectations for cooperation among companies in the in-
dustry. Currently, most C3DP companies are independently developing
printing equipment, printing materials, and software. Many stake-
holders suggest that companies can focus R&D funds and talents on a
specific part and reduce resource waste through extensive upstream and
downstream industry collaboration and cooperation networks.

In practical terms, these suggestions can chart the course for the
future development of the C3DP industry. Firstly, policymakers should
prioritise the exchange, dissemination, and promotion of knowledge.
Through the establishment of information-sharing platforms and sup-
port for research and development projects, governments can facilitate
the transfer of knowledge within industries, thereby expediting inno-
vation and progress. Furthermore, policies should place an emphasis on
training programs to ensure that the next generations of workers acquire
the requisite skills and knowledge. Secondly, the efficient usage of re-
sources lies at the heart of sustainable development. The C3DP industry
must commit to reducing resource wastage, and policymakers can
encourage enhancements in resource efficiency by incentivising sus-
tainable practices and technological innovation, and by fostering
collaboration and resource-sharing among enterprises. In addition,
collaboration between upstream and downstream industries is of para-
mount importance. All segments of the C3DP industry must cooperate
closely to ensure the seamless functioning of the entire value chain.
Governments can promote this cooperation both within and across in-
dustries by offering support and incentives to all parties involved. In
summary, the findings of this study offer valuable guidance for the C3DP
industry, with talent development, resource utilization, collaboration,
and policy formulation being pivotal elements for the industry’s ongoing
success and sustainable growth. This will contribute to propelling the
C3DP industry towards greater accomplishments in the future, yielding
positive impacts on both society and the environment.

Taking the Chinese construction industry as an exemplar, this study
uncovers the diverse opinions and consensus among stakeholders on the
promotion and development of C3DP in fast-developing countries. By
employing Q methodology, this study integrates quantitative and qual-
itative analysis methods to examine the policy needs and perspectives of
various stakeholders. The discussion in this article reveals heterogeneity
in the policy needs of stakeholders with different roles. Simultaneously,
by summarising the consensus among different stakeholders on policy
needs, policymakers can identify the most urgent and necessary policy
directions. The research findings of this research will assist policy-
makers in revising or updating the policy mix of C3DP more effec-
tively, thereby promoting emerging construction technologies and
facilitating the green transformation of the construction industry in
rapidly growing regions and countries. This research constructs a novel
roadmap for C3DP policy promotion. In addition, this article can also
provide a policy reference for rapidly developing regions and countries
with a high demand for construction.
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6. Conclusion

As a significant pillar of urban development, the construction in-
dustry exerts an influence on energy consumption, carbon emissions,
and climate change. This has spurred the emergence of C3DP to address
the environmental and labour challenges facing the construction sector.
C3DP holds the potential to reduce construction waste and energy
consumption, lower construction risks and costs, and facilitate the
adoption of digital construction techniques. Nevertheless, the progres-
sion of the C3DP industry has been sluggish, with one of the primary
reasons being the uncertain policy requirements concerning stakeholder
support and collaboration.

To tackle this issue, the objective of this study is to examine the
policy requirements of various stakeholders regarding the prospects of
C3DP promotion and its associated policy functions, in order to deter-
mine their theoretical and practical significance for policy formulation.
Firstly, this study reviews the current status of C3DP development,
application, and policies. Subsequently, the research uses the Q meth-
odology, which combines qualitative and quantitative elements to
develop a Q set to gather the opinions of typical stakeholders of C3DP
promotion policies and in-depth interviews were conducted to gain in-
sights into the perspectives regarding policy expectations. The research
findings reveal that stakeholder viewpoints can be categorised into four
distinct perspectives: Conservative Exploration, Aggressive Progression,
Intensive Investigation, Tentative Stimulation. Although stakeholders
with different perspectives may disagree on certain aspects, they still
find common ground on numerous fronts. They agree that knowledge
creation, development, dissemination, and resource usage, as well as
active collaboration within the industry and cross-industry technical
cooperation, will positively impact the development of C3DP.

The findings of this study can offer valuable insights into the C3DP
industry’s development. The advancement of C3DP should place
emphasis on nurturing talent, efficient resource usage, and facilitating
collaboration between upstream and downstream sectors. Besides, this
research makes a significant contribution to policy formulation.
Through the outcomes, policymakers can delve into the policy re-
quirements of the C3DP industry. Policy composition and design should
give priority to the exchange, propagation, and dissemination of
knowledge, facilitating collaboration within the industry and estab-
lishing partnerships between the construction sector and other external
industries.
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Appendix

Appendix 1. 3D Printing Construction Projects in Mainland
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support through scholarships.

Year Location Project Name Printing Project Team Size Type & Equipment Material
Product
2014  Shanghai Ten single-storey Whole WinSun (China) 200m? each Contour Crafting; High-grade quick dry cement
houses building Gigantic 3D printer of  and glass fibre
size150m x 10m x 6
m;
2015 Suzhou Apartment Whole WinSun (China) / Concrete Printing; Concrete
building Gantry system
2015  Beijing The VULCAN Structure Laboratory for Creative Design 24m?% 3 m in /; Gantry system /
pavilion (China) height
2015  Urumgqi “Dragon eye” in Roof Urumgi High-speed Railway Hub / / Steel reinforced concrete
the railway station =~ Component Comprehensive Development and
Construction Investment Co. LTD
2015  Shanghai Villa Separated WinSun (China) 1100m? Extrusion type; Gantry ~ /
Component system
2015  Suzhou A five-storey Separated WinSun (China) 1000m? Contour Crafting; 3D a mixture of recycled
apartment components printer construction waste, glass
fibre, steel, cement, and
special additives.
2016  Suzhou Public bathrooms Separated WinSun (China) / / Construction waste and mine
components tailings
2016 Suzhou Chinese Courtyard Whole WinSun (China) 130m? and 80m? Concrete Printing; Concrete
building Gantry system
2016 / 3D Printed Two- Whole HuaShang Tengda (China) 400m? Contour Crafting; Concrete
Story villa building Tower Crane Printing
system
2017 Shanghai Cloud Pavilion Whole Tongji University, Fab-Union & 121m? 6 m in Extrusion type; KUKA Plastic
building Archi-Union height robotic arm
2018  Hebei Windsor Castle Whole HuaShang LuHai 600m? /; Gantry system Reinforced concrete
building
2018 Guangdong Power distribution Whole China Southern Power Grid / / Concrete
room Structure
2018  Guizhou Villa Light steel Guizhou Xinli Technology Co.,Ltd ~ 150m? / Steel
keel structure
2018  Hangzhou Pavilion Separated AZL Architects / / Plastic
components
2018  Shanghai Bridge Whole Shanghai Construction Group 15.25 in length; Extrusion type; Gantry ~ Resin and fiberglass
Building (5CG) 3.8 in width; 1.2 system
m in height
2018  Sichuan “Yaomingge” Separated The Hong Kong Polytechnic 10m2 / Steel bar, cement, bamboo
house components University, Winsun & Ya’an fibre, steel slag
Polytechnic College
2019  Guangdong 2 storey office Whole China State Construction 230m2; 7.2 m in Contour Crafting Concrete
building Engineering Corporation & China  height
Construction Second Engineering
Bureau LTD
2019  Shanghai Concrete bridge Whole Tsinghua University 26.3 in length; Extrusion type; Concrete
Building 3.6 in width Robotic arm
2018  Hangzhou Pavilion Separated AZL Architects / / Plastic
components
2018  Shanghai Bridge Whole Shanghai Construction Group 15.25 in length; Extrusion type; Gantry ~ Resin and fiberglass
Building (SCG) 3.8 in width; 1.2 system
m in height
2018  Hangzhou Pavilion Separated AZL Architects / / Plastic
components
2018  Shanghai Bridge Whole Shanghai Construction Group 15.25 in length; Extrusion type; Gantry ~ Resin and fiberglass
Building (SCG) 3.8 in width; 1.2 system
m in height
2018  Sichuan “Yaomingge” Separated The Hong Kong Polytechnic 10m? / Steel bar, cement, bamboo
house components University, Winsun & Ya’an fibre, steel slag
Polytechnic College
2019  Guangdong 2 storey office Whole China State Construction 230m? 7.2 m in Contour Crafting Concrete
building Engineering Corporation & China  height
Construction Second Engineering
Bureau LTD
2019  Shanghai Concrete bridge Whole Tsinghua University 26.3 in length; Extrusion type; Concrete
Building 3.6 in width Robotic arm
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(continued)
Year Location Project Name Printing Project Team Size Type & Equipment Material
Product
2019  Suzhou River revetment Whole WinSun company 432 in length; / Concrete
wall Building 1.5 m in height
2019  Quanzhou Bridge Whole Shanghai Construction Group 17.5 in length; Extrusion type; Gantry ~ Acrylonitrile Styrene
Building (SCG) 3.2 in width; 3.2 system Acrylate (ASA) and
m in height fibreglass
2019  Tianjin Zhaozhou Bridge Separated Hebei University of Technology 28.10 in length; / Concrete
components 4.20 in width
2020  Henan Bridge Separated Xingtai Road and Bridge 19.5 in length / Concrete, glass fibre
components Construction Group Co., Ltd
2020  Nanjing Pavilion Facade Archi-Union Architects & Fab 1352m% 30 min  / Plastic
Union height
2021  Shanghai Book Cabin Whole Tsinghua University 30m? Extrusion type; Concrete
Building Robotic arm
2021  Shanghai Retractable Bridge = Panel BLUE Architects 9.34 m in length;  Fused deposition Polyester Carbonate
1.5 m in width; modelling (FDM);
1.1 m in height Gantry system
2021  Shenzhen Park Landscape Tsinghua University & AICT / Extrusion type; Six- Concrete
element axis robotic arm-based
system
2021 Hebei Residential House Separated Tsinghua University 106m? Extrusion type; Concrete
components Robotic arm
2021  Chengdu Bridge Whole Shanghai Construction Group 21.6 in length; 8 Extrusion type; Gantry  Acrylonitrile Styrene
Building (SCG) inwidth; 2.7min  system Acrylate (ASA) and
height fibreglass
2021  Shanghai Memorial Object Separated Wutopia Lab & Roboticplus.ai 9m% 7 m in /; Robotic arm Acrylonitrile butadiene
(landscape components height styrene
element)
2021  Shanghai Retractable Bridge  Panel BLUE Architects 9.34 m in length;  Fused deposition Polyester Carbonate
1.5 m in width; modelling (FDM);
1.1 m in height Gantry system
2021  Shenzhen Park Landscape Tsinghua University & AICT / Extrusion type; Six- Concrete
element axis robotic arm-based
system
2021  Hebei Residential House Separated Tsinghua University 106m2 Extrusion type; Concrete
components Robotic arm
2021  Chengdu Bridge Whole Shanghai Construction Group 21.6 in length; 8 Extrusion type; Gantry  Acrylonitrile Styrene
Building (SCG) in width; 2.7 m in system Acrylate (ASA) and
height fibreglass
2021  Shanghai Memorial Object Separated Wutopia Lab & Roboticplus.ai 9m2; 7 m in /; Robotic arm Acrylonitrile butadiene
(landscape components height styrene
element)
2022  Shanghai Two storey Whole Shanghai Construction Group 52.8m2; 6 m in / Concrete, Solid waste
building building (SCG) height materials
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