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ABSTRACT
3D printing has been recognised as an emerging technological innovation in the
Architecture, Engineering and Construction (AEC) industry in recent years, mostly due to
the potential of the technology for increased mass customization and reduced
construction time and costs. 3D printing, as an automated construction technology,
debuted as a fast and accurate way to materialise architectural models. Over the past few
years, many 3D printing technologies have been developed and adopted in the
construction industry. With a view to achieving a better understanding of the research
work on this subject, this paper provides an objective and accurate summary of existing
literature on 3D printing, using the SCI-expanded database of Web of Science®. Based
on 19,982 published 3D printing related papers, two datasets of bibliographic records
were retrieved: the core dataset of 157 records and the expanded dataset of 615 records
collected through citation links of the core dataset. The number of the records in the core
dataset was low (157), but the literature grew exceptionally fast. The number of journals
involved in 3D printing literature in the AEC industry grew substantially in the past five
years. The results show that 60 key research areas, such as structure, manufacturing, 3D
design and concrete, and 10 key research clusters, such as simulation, prototyping and
analysis, are extremely important for the development of 3D printing knowledge. It was
also observed that the most researched topics were related with the structure and the
study of the mechanical properties while polylactic acid (PLA) and acrylonitrile butadiene
styrene (ABS) remained one of the most used keywords. These results can help highlight
how 3D printing related research in general evolves over time and the equivalent in the
AEC industry, thus offering new insights to summarise the status quo of the 3D printing
knowledge for future development. 아니면 (helping reveal knowledge domains and
hidden connections from a quantitative summary of the status quo of the 3D printing
knowledge explored by bibliometric techniques.)
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1. Introduction
Traditionally, 3D printing, which is an automated additive fabrication process on a layerby-layer basis, has widely been adopted in the manufacturing sector for decades. It was
used to produce prototypes with small part sizes and complex designs (Berman, 2012).
Over the last 30 years, improvement in modern product development of materials and
process, and the technology resulted in successful commercial realisation in aerospace
(Materialise, 2016) and automotive manufacturing (Stratasys, 2018), medical
applications (Stratasys, 2014) and a wide range of prototyping models for aesthetic and
functional testing (Stratasys, 2015). The 3D printing technology continued to play an
important role in the manufacturing industry in the 21st century.
The advent of 3D printing technologies as a developing fabrication technique presents
a number of opportunities for researchers in different fields. Implementation of 3D
printing in the architecture, engineering and construction (AEC) domain has been
evolved in the last two centuries in terms of two forms. One form of 3D printing
applications is to create small sized 3D architectural models and the other form of 3D
printing applications focuses on producing large (>1m) structures using the layer
fabrication technology. There were a few attempts that demonstrated the applicability of
the technologies to produce construction components and the potential of the quality
control strategies to support it. For example, fused deposition modelling (FDM),
stereolithography (SLA), and selective laser sintering (SLS) printers were used to
produce both geometrically simple and complicated architectural models (Gibson et al.,
2002). They could produce architectural models with high accuracy within a quick time
frame. Medium- or large-scale building models could also be printed using large-scale
3D printing technologies, such as Contour Crafting (Khoshnevis, 2004), D-Shape (Dini,
2008) and Concrete Printing (Lim et al., 2009). With either frame-, robot- or cranemounted deposition head, all three are capable of creating a full height structure with a
gantry with multiple nozzles (D-Shape) and a large diameter extrusion (Contour Crafting
and Concrete Printing) resulting in a high layer build-up rate. Since Pegna (1997)
proposed freeform construction as a new field of investigation, the applicability of the
large-scale 3D printers in the AEC sector has been explored through many projects that
printed precast concrete components (Lim et al., 2012, Peng and Sui Pheng, 2011),
support structure of construction walls (Molitch-Hou, 2015), and even entire buildings
(e.g. a group of houses in China built by Shanghai WinSun Decoration Design
Engineering Co., Ltd.) (Feng and Yuhong, 2014). More recently, a novel concrete
printing process with six axis robot control has been investigated for full 3D elements
without the help of temporary support (Gosselin et al., 2016).
From the construction point of view, the implementation of 3D printing can bring
significant changes to the construction industry. It has the potential to increase
customisation and affordability (i.e. building projects to meet customers’ individual
needs), reduce construction cost and time, and improve other economic and
environmental issues by reducing the quantity of materials used through optimisation of
form. Mass customisation without compromising customisation has been a goal for the
construction industry for many decades (Barlow et al., 2002).
However, it should be noted that the application of 3D printing in the AEC industry is still
in its early phase, but one that is becoming an emerging technology. Research into both
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small- and large-scale 3D printing technologies is beginning to reveal the potential for
applications in construction. In order to facilitate the development and implementation
of 3D printing technologies in the AEC industry, a critical review of the history and
current development of 3D printing in the AEC industry is needed. This study therefore
aims to: 1) explore the knowledge base (e.g. unstructured key research topic) and
knowledge domains (structured key research areas) associated with 3D printing in
construction using direct citation analysis, keyword co-occurrence analysis, document
co-citation analysis, and bibliometric network visualisation tools; 2) identify the evolution
(e.g. the thematic flow) of 3D printing in construction using citation burst detection; 3);
in order to understand the current state of development and future research directions.
Although this study does not deliver an exhaustive analysis of all 3D printing related
literature in the AEC industry, given its sample size, it helps reveal knowledge domains
and hidden connections from a quantitative summary of the status quo of the 3D printing
knowledge explored by bibliometric techniques.

2. Background
A number of techniques can be used to survey a body of literature. The most frequently
employed is the systematic literature review in which quantitative analysis of literature,
often called bibliometrics, is used to provide objective views by examining bibliographic
data derived from scientific publications. Bibliometrics is the application of quantitative
tools to the study of scientific communications (Pritchard, 1969), and has been applied
in various forms for a century or more (Pritchard and Wittig, 1981). An increasing
number of bibliometric tools and diverse indicators have been developed in order to
assess quantitatively the scientific knowledge of research publications and contributions
of authors, journals or regions, and identify emerging research fields (Osareh, 1996a,
Osareh, 1996b, van Raan, 1996, Silva and Teixeira, 2008, Chen et al., 2012, Cruz and
Teixeira, 2010).
Bibliometric mapping, often referred to as science mapping, aims at displaying the
structural and intellectual connections of scientific research to help understand scientific
activities, innovative pathways, and interactive relationships (Börner et al., 2003, Morris
and van der veer Martens, 2008, Noyons et al., 1999). With the rapid growth of
information visualization techniques, bibliometric maps have achieved great success in
supporting relational studies of both theoretical and practical research.
There are different approaches to extract networks using the metadata of the retrieved
bibliographic records (authors, documents, citations, and keywords). Co-author extracts
the social structure and collaboration networks by analysing the authors and their
affiliations (Gänzel, 2001, Peters and van Raan, 1991). Keywords of the documents are
used for Co-word analysis to study the conceptual structure of a research field (Callon
et al., 1983). In addition, the citing and cited documents are used to study Bibliographic
coupling (Kessler, 1963) and Co-citation analysis (Small, 1973), respectively. More
approaches, such as author bibliographic coupling (Zhao and Strotmann, 2008), author
co-citation (White and Griffith, 1981), journal bibliographic coupling (Gao and Guan,
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2009, Small and Koenig, 1977), and journal co-citation (McCain, 1991), are applied to
carry out macro analysis using aggregated data.
Frequently used scientific visualisation software tools include IN-SPIRE (Wise, 1999),
VantagePoint (Porter and Cunningham, 2004), CoPalRed (Bailón-Moreno et al., 2005),
Leydesdorff’s Software (Leydesdorff and Schank, 2008), Bibexel (Persson et al., 2009),
VOSViewer (van Eck and Waltman, 2010), Network Workbench Tool (Börner et al.,
2010), CiteSpace II (Chen, 2006), and Science of Science (Sci2) Tool (Sci2 Team, 2009).
Each has its own strengths and weaknesses based on different analysis techniques and
algorithms. Some of them are stronger in visualizing, while others focus more on data
pre-processing, which detects duplicate and misspelled elements.
Bibliometric analysis also has been conducted in many AEC industry related studies
(Thabet et al., 2002, Santos et al., 2017, Betts and Lansley, 1993, Li et al., 2017).
3. Research method
This study involves the retrieval of research articles on the 3D printing in the AEC
industry for the period up to 2018 from the Web of Science (WoS) provided by Thomson
Reuters, using a topic search, and visualises bibliometric networks based on a
subsequent expansion search through citation links. The topic search collects a primary
dataset of research articles as the core dataset while the citation links from the articles
in the core dataset identify a broader context of the core and is referred to as the
expanded dataset. This strategy of using two datasets of bibliographic records to
analyse the knowledge development of scientific literature is adopted by many
preceding studies, such as Chen et al. (2014), Chen et al. (2012). The knowledge
domains and knowledge base are identified from the core dataset, and the evolution
pattern of the 3D printing knowledge is based on the expanded dataset.
3.1. Data collection
3.1.1. Bibliographic records
Every bibliographic record contains the metadata of a published article, including a list
of authors, the title, a set of author keywords, the abstract, a document type and a set
of references cited by the article. Each reference contains the ﬁrst author's name, date
and year of publication, the title, source type—such as journals, conference proceedings,
book chapters, etc.—volume number, pages and DOI reference. Using the DOI
reference, the reader can access the full text of the corresponding article.
3.1.2. The core dataset
The core dataset is retrieved by a topic search in the Science Citation Index Expanded
(SCI-Expanded)-listed journals of the WoS Core Collection database. A set of keywords,
which are “3*d print*”, “additive manufactur*”, “rapid proto*”, “three* d* print*”, “fused
deposition”, “selective laser sintering”, “stereolithography”, “fused filament”, “binder jet*”
and “*laser sinter*”, is used for the topic search. The quotation marks are used to search
exact phrases, coupled with the wildcard character * to capture relevant variations of a
word, such as additive manufacture, additive manufactured, and additive manufacturing.
In addition, specific types of 3D printing technologies (e.g. stereolithography, selective
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laser sintering and binder jet) are also used as the search keywords to include the
records in which they are used over the general terms.
In this study, two core datasets are retrieved from the topic search: the principal core
dataset retrieved by a topic search in the general 3D printing related domains and the
AEC core dataset narrowed down from the principal core dataset to only include those
within the AEC domain. Articles which include these keywords in the
Title/Abstract/Author Keywords (T/A/K) are selected. The search shows 19,982 records
of original research articles, proceedings papers, reviews and book chapters from 1933
to 2018 belonging to the general WoS 3D printing related subject categories. The
principal core dataset is based on these records, and it is further narrowed down to 157
as the AEC core dataset by filtering to only obtain publications within Architecture,
Construction Building Technology and Engineering Civil WoS categories.
3.1.3. The expanded dataset
The expanded dataset is consisted of the extra records obtained by the citation links
from the publications in the AEC core dataset. It compensates for the limited number of
records in the AEC core dataset. Although articles in the expanded dataset may not
contain any of the 3D printing related terms, they are likely to be thematically relevant
to the core dataset as they cite at least one article in the core set. According to the
citation report of WoS, the AEC core dataset is cited by 615 records, which then are
merged into the core dataset to get the expanded dataset (772 records). This citation
expansion method is based on the principle of citation index by Garfield and Sher (1963).
The bibliometric approach adopted in this study is based on two core datasets and the
expanded dataset shown in Table 1.
Table 1. The core and expanded datasets included in this study
Principal
Core Dataset
AEC Core
Dataset
Expanded
Dataset

Duration

Results

Articles

Review

Proceedings Book Chapters Authors Organisations

1933-2018

19,982

19,114

868

1,289

24

50,424

7,289

1933-2018

157

151

6

10

0

488

220

1933-2018

772

713

59

32

0

1,883

474

3.2. Data analysis
3.2.1. Bibliometric network
VOSviewer (van Eck and Waltman, 2010) and CitNetExplorer (van Eck and Waltman,
2014a, van Eck and Waltman, 2014b) were employed to generate the network analyses.
Both tools use visualisations to facilitate the analysis of the publications clustered based
on direct citation and co-citation networks, respectively. CitNetExplorer focuses on the
analysis of a clustering solution at the level of individual publications while VOSviewer
on the analysis at an aggregate level (van Eck and Waltman, 2017). These freely
available software tools enable sophisticated cluster analyses without the need to have
a deep knowledge of clustering techniques and advanced computer skills.
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The idea of visualising bibliometric networks is a powerful approach to analyse a large
variety of publications using a network of varies entities such as co-authorships, cited
references and co-occurring keywords. VOSviewer and CitNetExplorer support the
construction of several types of networks from bibliographic sources. This study focuses
on a direct citation analysis, a document co-citation analysis and a keyword cooccurrence analysis. Direct citation analysis is conducted by CitNetExplorer based on a
clustering technique to analyse the resulting clustering solution at the level of individual
publications. It offers an overview of the most frequently cited publications in a citation
network, the temporal order of the publications, the citation relations between these
publications based on the resulting clusters (Waltman and van Eck, 2012). Then,
document co-citation analysis by VOSviewer analyses the network created by clustering
when documents are linked according to their joint citations. The fundamental
assumption is that co-citation clusters determine underlying intellectual structures. If two
documents are frequently jointly cited, they are likely to share the similar or related
aspects of a topic. By analysing the frequency of two documents cited in the same
publication, one can identify clusters of closely related documents which belong to the
same research fields. The study of a co-citation network focuses on interpreting the
nature of a cluster of cited documents and interrelationships between clusters (Chen et
al., 2010).
Keyword co-occurrence analysis is also conducted by VOSviewer and is employed to
identify the keywords that co-occur in at least two different articles. This mapping
technique indicate the most important topics covered by clusters. Keywords with high
frequency can be considered as indicators of critical research focuses in the clusters
(Su and Lee, 2010) and therefore the knowledge base of 3D printing in the AEC industry.
These scientific mapping techniques are advantageous over the conventional manual
review method as they are capable of investigating a more extensive and more diverse
range of related topics and modifying the reviews as often as needed as the research
progresses.
4. Results
Publications on 3D printing in the AEC industry started to appear from the early 1990s
and a few numbers of publications were listed by WoS each year until 2013 (Figure 1).
The number of papers steadily increased in the past five years, reaching 39 papers
published in 2017 and 38 in the first half of 2018. Prior to 1991, no publication was found
with the keywords within the AEC industry. The slope of yearly change in publications
within the time period between 1991 and 2018 was 1.4 whereas the trend in only the
last five years was 7.9.
3D printing technologies has increasingly attracted wide international attentions. Figure
2 shows the yearly change in the number of countries of origin of publications. Clearly
there has been a sharp increase in the number of countries, increasing from one to four
countries each year between 1991 and 2013 to more than ten countries in the past five
years, except for 2015 in which authors from five countries published papers in 3D
printing in the AEC domain.
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Figure 1. Yearly rate of publication in 3D printing related research in the AEC industry.
𝑎all represents the slope of all years while 𝑎5 represents the slope of only the last 5
years: 2014-2018.

Figure 2. Yearly change in the number of countries contributing papers on 3D printing
in the AEC industry.
4.1. The knowledge domain in the core dataset
4.1.1. Direct citation analysis
Figure 3 shows the overview of the direct citation network generated from the AEC
core dataset (157 publications) with 166 citation links, visualized and analyzed by the
CitNetExplorer. The vertical dimension represents time, and in the horizontal
dimension, publications that are strongly related in terms of citations tend to be
located close to each other. As can be seen from Figure 3, three clusters have been
identified excluding 101 publications (shown in grey in Figure 3) not belonging to any
cluster due to the minimum size requirement. The largest cluster (cluster 1) is
consisted of 42 publications whereas the rest two clusters (clusters 2 and 3) contain
nine and five publications, respectively.
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Figure 3. CitNetExplorer visualisation of direct citation analysis with clusters and their
citation relations (resolution: 2.5 and minimum cluster size: 5). Each publication is
indicated by a circle, and labelled by the last name of the first author in clusters 1, 2,
and 3 (shown in blue, green, and purple, respectively)
A more detailed interpretation of cluster 1 is shown in Figure 4. The drill down
functionality of CitNetExplorer is performed to obtain the subnetwork consisting of
the publications belonging to cluster 1 and the citation relations between these
publications. Of the 42 publications belonging to cluster 1, the ten most frequently
cited publications are identified, as listed in Table 2.
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Figure 4. CitNetExplorer visualisation of 42 publications in cluster 1 in detail.
Table 2. The top ten most frequently cited publications in cluster 1.
Authors

Title

Source

Year Citations

Le et al.

Mix design and fresh properties for high-performance printing concrete

Materials and Structures

2012

24

Lim et al.

Developments in construction-scale additive manufacturing processes

Automation in Construction

2012

23

Buswell et al.

Freeform construction: Mega-scale rapid manufacturing for construction

Automation in Construction

2007

19

Le et al.

Hardened properties of high-performance printing concrete

Cement and Concrete Research

2012

18

Feng et al.

Mechanical properties of structures 3D printed with cementitious powders

Construction and Building Materials 2015

12

Perrot et al.

Structural built-up of cement-based materials used for 3D-printing extrusion
techniques

Materials and Structures

2016

11

Labonnote et al. Additive construction: State-of-the-art, challenges and opportunities

Automation in Construction

2016

6

Wu et al.

A critical review of the use of 3-d printing in the construction industry

Automation in Construction

2016

5

Kazemian et al.

Cementitious materials for construction-scale 3D printing: Laboratory testing of
fresh printing mixture

Construction and Building Materials 2017

4

Hambach et al.

Properties of 3D-printed fiber-reinforced portland cement paste

Cement & Concrete Composites

4

2017

The analysis result obtained from CitNetExplorer takes place at the level of individual
publications. An analysis of a clustering solution at an aggregate level was achieved
by using VOSviewer and will be discussed in the next subsection.
4.1.2 Document co-citation analysis
Figure 5 shows the overview of the document co-citation network generated from the
core dataset with 24 nodes and 248 links, analysed by the VOSviewer. The size of a
cluster represents the number of publications belonging to the cluster, and the
distance between clusters approximately indicate the relatedness of the clusters in
terms of citations (van Eck and Waltman, 2017). Each node represents cited
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reference in the core dataset, and the links connecting nodes represent co-citation
relationships.

Figure 5. VOSviewer visualisation of the document co-citation network generated
with the AEC core dataset.
Based on Figure 5, the top ten cited publications from 2002 to 2016 from nine
journals are shown in Table 3. There are two major topics these publications cover:
key challenges for large-scale additive manufacturing process to be successfully
applied to the AEC domain and critical properties of the material-related 3D printing
methods. Le et al. (2012a), Le et al. (2012b), Perrot et al. (2016), Feng et al. (2015)
examine possible issues with concrete and cement- and Ziolkowski et al. (2014) with
stainless steel-based 3D printing processes. The other five journal papers are mostly
focusing on the introduction of 3D printing process into the AEC industry and
identification of potential challenges that fact construction scale 3D printing.
Table 3. The top ten critical publications in the 3D printing related AEC discipline.
Year

Citations

Lim et al.

Authors

Developments in construction-scale additive manufacturing processes

Title

Automation in Construction

2012

91

Buswell et al.

Freeform construction: Mega-scale rapid manufacturing for construction

Automation in Construction

2007

81

Le et al.

Mix design and fresh properties for high-performance printing concrete

Materials and Structures

2012

47

Le et al.

Hardened properties of high-performance printing concrete

Cement and Concrete Research

2012

43

Wang et al.

Automatic generation and fabrication of designs

Automation in Construction

2002

32

Perrot et al.

Structural built-up of cement-based materials used for 3D-printing extrusion
techniques

Materials and Structures

2016

30

2015

29

2014

29

Automation in Construction

2002

24

Automation in Construction

2016

20

Feng et al.

Mechanical properties of structures 3D printed with cementitious powders

Ziolkowski et al.

Application of X-ray CT method for discontinuity and porosity detection in 316L
stainless steel parts produced with SLM technology

Ryder et al.

Rapid design and manufacture tools in architecture

Labonnote et al. Additive construction: State-of-the-art, challenges and opportunities

Source

Construction and Building
Materials
Archives of Civil and Mechanical
Engineering
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In summary, regardless of the specific research area, all ten publications consider
3D printing as a key technology for pursuing specific research objectives to
revolutionise the construction industry from technological and material aspects. It is
also interesting to note that seven out of ten publications are also observed from the
ten most frequently cited publications in Table 2. It indicates again that the
publications in the cluster 1 of the direct citation analysis network are essential
resources in the architectural 3D printing discipline.
4.1.3. Keyword co-occurrence analysis (knowledge base)
Since keywords represent the core content of the publications, an analysis of
keyword co-occurrence network can help identify critical research topics in 3D
printing related studies. Keyword co-occurrence analysis on the principal core dataset
retrieved by a topic search in the WoS Collection omitting “3*D Print*” keyword shows
dominance in types of 3D printing methods over time (Figure 6). Although trend seems
conforming to chronological order of first introduction of each 3D printing methods, first
introduction of well-known 3D printing methods – SLS, FDM and SLA – were between
1980 to 1990 (Wohlers, 2018), which heavily deviates from WoS records time span.
FDM, for instance, was first introduced in 1989 but only after 2015 it starts to become
frequently discussed. SLA on the other hand, which was introduced only a few years
ahead of FDM, isn’t a popular keyword in recent years and is also a least discussed
keyword amongst other two methods in entire year span. It is rather, FDM for instance,
could have gained its popularity in such a short amount of time in recent years through
end-user-oriented open sourced technology and affordable pricing (Rundle, 2014).
SLS could achieve its earlier technological maturity than other printing methods based
on its innate precision and material versatility (Figure 7) which quickly gained its solid
foothold in the industry grade 3D Printing market where required reliability and quality
is demanding.
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Figure 6. Keyword co-occurrence analysis on 20K records retrieved by a topic search
in the WoS Collection omitting “3*D Print*” keyword shows distinctive chronological
and occurrence between major 3D printing methods.
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Figure 7. Isolated visualization of Figure 3-1 on ‘microstructure’. Link strength between
‘microstructure’ and ‘Selective Laser Sintering’ is distinctively stronger than that of
‘microstructure’ and other 3D Printing methods.
The research trend within the AEC domain was analysed with the AEC core dataset
(Figure 8). From VOSviewer Co-occurrence analysis, within the time period between
2010 and 2017, while main stream of research has remained on rudimentary
assessment of applicability and productivity until 2014, material related keywords
became popular keywords in the later years as practical concrete extrusion FDM
process started to emerge (Gardiner, 2011). Among the dominant material related
keywords in recent years, concrete and its related topics were the most prevailing
keywords. Such emphasis on biased material and printing method could be a direct
proof that application of 3D printing technology is being implemented from limited
perspectives since most of the concrete based 3D printing is primarily aimed for low
resolution large scale forms which covers only a partial aspect in terms of building
components while recent study and application cases from ARUP (optimizing structural
building elements in metal by using additive manufacturing) and SOM (AMIE 1.0) shows
successful application of different approach in 3D printing methods and materials.
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Figure 8. The research trend within the AEC industry analysed with the AEC core
dataset. Noticeable occurrence of ‘3d concrete printing’ keyword.
Although absolute records on 3D printing related keywords topic search in the WoS
Collection on architecture related categories has been increasing over the years but
number of records remains very low (Figure 9). When proportionally compared against
entire records, although record count shows clear increase in recent years, proportional
ratio remains subtle. Reflecting on previous observation on Figure 6 and Figure 8, 3D
printing research on architecture field is very limited both in terms of quantity and
spectrum. While 3D printing is on its early stage of development where research in 3D
printing area in general has not yet come to a conclusive point, narrow focus on limited
printing method and material in architecture field poses treat to revolutionizing
architecture with 3D printing technology.

Figure 9. 3D printing related records in architecture related categories by years and its
amount proportional against all records.
5. Discussion
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6. Conclusions
The clustering techniques employed in this study is based on recent developments in
the fields of network science and bibliometrics (Traag et al., 2011, Waltman and van
Eck, 2012)
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