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Featured Application: This work provides an overview of 3D printing, include a survey on the
related publications by different aspects as a benchmark for future research and development.

Abstract: Research interest in three-dimensional (3D) printing has been greatly aroused since 1990
due to its outstanding merits, such as freedom of design, mass customization, waste minimization and
fast prototyping complex structures. To formally elaborate the research status of the 3D printing field,
a bibliometric analysis is applied to evaluate the related publications from 1990 to 2020 based on the
Science Citation Index Expanded database and Social Science Citation Index database. The overview
with detailed discussions is cataloged by keywords, citation, h-index, year, journal, institution,
country, author, patent and review. The statistical results show that the United States plays a
dominant role in this research field, followed by China and the UK. Singapore is the most productive
country with the highest average citations per publication (ACPP), and the second most cooperative
country. Among all the institutions, Chinese Academy of Sciences is most productive, and Harvard
University has the highest ACPP and h-index. Among all the journals, Materials ranks first in
the number of publications in this field. The most attractive research area is “Materials science,
Multidisciplinary”, with 4053 publications. Moreover, the major hot topics derived from authors’
keywords are “3D printing”, “additive manufacturing” and “tissue engineering”. Commercial and
medical applications appear to be the initial driving force and end goal for the development of the
3D printing technology.

Keywords: 3D printing; multidisciplinary; bibliometric; additive manufacturing; Web of Science

1. Introduction

3D printing, also referred to as additive manufacturing (AM), is a set of layer-by-layer
processes to form 3D objects with various structures and complex geometries directly
from digital models [1]. It has gained popularity in consumer-maker communities and
the media as well as scientific researchers in many areas [2–4]. With recent increasing
interests, this technology is continuously expanding into areas such as automotive [5–7],
aerospace [8–10], electronic [11–13], medicine [14–16], biology [17–19], architecture [20–22],
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sports [23,24], toy industries [25–27], food supply chains [28–30], agriculture [31], earth
science [32] and robotics [33,34].

The 3D printing manufacturing process was initially developed by Charles Hullin in
1984 in a process named as stereolithography [35], which is the pioneer of all 3D printing
technologies [36,37], and one of the most popular rapid prototyping technologies for plastic
fabrication. Technologies like powder bed fusion [38–40], fused deposition modelling
(FDM) [41–43], inkjet printing and contour crafting (CC) [44–46] direct energy deposition
(DED) [47–49] and laminated object manufacturing (LOM) [50–52] subsequently appeared
with more advancements in this field after the stereolithography technology. Current
3D printing technologies are able to combine different materials in precise positions to
achieve the multifunctional properties of the manufactured parts [53]. However, it faces a
lot of challenges such as limited materials, high cost, inconsistent quality and regulatory
issues [54]. The limitations of the exiting techniques spur the promotion of more advanced
methods in 3D printing field. For instance, the multi-jet FDM method attracts increasing
attentions in bio-printing of the complex hydrogel scaffolds with cells [55]. Moreover,
multi-material manufacturing processes and multifunctional applications are achieved by
the assists of the computer-aided design and optimization techniques [56].

The 3D-printing process concerning various novel materials, methods and equipment
has been developing rapidly over the years, which reformed the traditional manufacturing
processes that involve material removal or energy-intensive process [57–60]. And it is quite
an achievement that 3D printed prototypes or products have been commercially utilized in
various industries [61–63]. A wide range of materials from cereal to advanced multifunc-
tional materials in diverse forms of filaments, wire, powder, paste, sheets and inks can be
fabricated thanks to the 3D printing technologies [64,65]. Polymers like polyamide [66–68],
polylactic acid [69–71] and polystyrene [72,73] are among the most common composites
in the 3D printing applications. Plentiful plyometric materials are continuing coming
forth for 3D printing with excellent mechanical properties by synthesizing other matrix
material. Waste reduction of expensive materials accelerates the application of 3D printing
with metals or alloys such as titanium [74–76]. Metallic alloys are typically used in the
aerospace area by prototyping complex and customized structures [77,78] as traditional
processes are time-consuming, difficult and costly [79–81]. Ceramics, in the form of pow-
ders or paste, can be 3D printed by applying heat up to their melting point or an adhesive
binder, and are readily fabricated into strong and versatile ceramic scaffolds with complex
shapes [82–84]. Therefore, customized small-batch products for patient-specific necessities
can be manufactured in time with relatively low costs [85], which particularly meet the
requirement of biomedical field [86–88]. Concrete is the most used human-made material
in construction [89–91], houses can be built at a staggering speed and at low cost [92–94]
by 3D printing. All this suggests a bright future to the construction industry due to the
advantages such as mass-customization, no need for formwork and design flexibility.

A bibliometric study is a measurement of all aspects related to the publication and
reading of books or documents [95], which applies a citation analysis by constructing a
citation graph, a network or graph representation of the citations between documents.
Many research fields use bibliometric methods to explore the impact of the papers within
a specific research field, as well as to identify the impact of certain research areas or
researchers. It has been adopted in a variety of academic areas, such as materials [96],
chemistry [97], computer science [98], economics [99], society [100], architecture [101],
education [102], medicine [103], energy [104], robotics [105], etc. However, to the best of the
authors’ knowledge, this is the first bibliometric analysis to assess the 3D printing research
field. The analysis in this paper includes the following subjects: (1) a topic historical map;
(2) the main contributors organized in countries, institutes, research groups, authors, and
leading research areas; (3) the cooperation relationship between these contributors; (4)
the major journals; (5) the highest citation articles and patents; and (6) research interests
and perspectives.
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2. Materials and Methods

This analysis is based on the publications related to “3D printing” from 1990 to 2020.
Literature was retrieved through the Science Citation Index-Expanded and Social Science
Citation Index on 12 June 2020, searched with formula of “3D printing” or “3 D printing”
or “Three-dimensional printing” or “3 dimensional printing” or “3D Printable” or “3 D
Printable” or “Three-dimensional Printable” or “3 dimensional Printable” or “3D print”
or “3 D print” or “Three-dimensional Print” or “3 dimensional print” or “3D Printed”
or “3 D Printed” or “Three-dimensional Printed” or “3 dimensional Printed” or “3D
bioprinting” or “3 D bioprinting” or “Three-dimensional bioprinting” or “3 dimensional
bioprinting” or “3D bioprint” or “3 D bioprint” or “3D bioprinted” or “3 D bioprinted”
or “3 dimensional bioprinted” or “Three-dimensional bioprinted” or “3D bioprintable”
or “Three-dimensional bioprintable” or “3 dimensional bioprintable” or “bioprinting” or
“bioprint” or “bioprinted” or “bioprintable”, defining the document type as article and
review in the field of this topic. Articles authored from the United States, China, UK,
Germany, South Korea, Australia, Canada, Italy, France and Singapore were investigated.
Keyword and international cooperation were analyzed by the Derwent Data Analyzer.
And patents are extracted from Derwent Innovations Index database. The impact factor (IF)
for each journal was determined according to the 2020 Journal Citation Reports. Since the
WOS “topic” searching was only applied to the title, abstract, and keyword fields defining
the document type as article and review, it might cause some deviations as some other
related publications may not be counted while still cited in this work.

3. Results
3.1. Global Contribution and Leading Countries

As a result, 17,505 publications were collected from InCites data set, in which English
is the most used language (99.18%), then German and Chinese. Since 1990, there are more
than 118 countries involved in the 3D printing research field with 16,022 publications in
article and 1483 in review, among them, 394 publications are Essential Science Indicators
(ESI) highly-cited articles and 13 publications are ESI hot articles. Although 3D printing
is a young industry, it has grown to almost $3 billion in value in 2012 [1]. As shown
in Figure 1. The number of total publications per year was relatively small but quickly
increased from 51 to 474 during 2009–2014, suggesting that this research domain started
to attract more scientists and engineers during that time. The publications had more than
doubled in the following year of 2015. Since then, the rising rate of yearly publications has
been decreasing, but retained high percentages of 71%, 59%, 46% and 37%, respectively,
in 2016, 2017, 2018, and 2019. The urgent needs of the industry and interests of the
researchers has led to an enormous growth in this field in the last few years, which is
reflected in the number of publications. The total number of published articles on this
topic in the last three years is more than that in the first 27 years since 1990. “3D printing”
has been widely adopted as a keyword in scientific articles since 2009, especially after
2014, as shown in Figure 2. The second most frequently used keyword is “additive
manufacturing”, followed by tissue engineering, bioprinting and rapid prototyping, which
also to some extent indicates the popularity of 3D printing technology in the medical or
biology. The top 10 countries contributing most publications in this field are shown in
Table 1, and their proportions are presented in a pie chart, as shown in Figure 3. The United
States, with 5546 articles, is the most productive country, followed by China (3914 articles)
and the UK (1469 articles). The national development programs, research fundings and
institutions played an essential role in the arena of 3D printing technology. For example,
the National Science Foundation (NSF) in the United States has supported most influential
researchers, roadmaps, conferences, networking events, patents, and manufacturing firms.
It awarded almost 600 grants worth over 200 million dollars by 2005, promoting the
emergence and development of 3D printing [106]. The National Additive Manufacturing
Innovation Institute (NAMII or America Makes) [107], which was funded with $45 million
in 2012, is the first national network of institutes that focuses on the development of the 3D
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printing. The reasons for the mass output increase from China are the launching of initiative
projects like “Made in China 2025” [108] and “National Additive Manufacturing Industry
Development Plan 2015–2016”, which have motivated the development of the domestic
3D printing manufacturing industry. An earlier development program launched in 2008,
i.e., the Comac C919 aircraft [109], also needs massive parts from 3D printing and has
presented tremendous technological demands. Moreover, China surpassed the UK and has
occupied the second place in the number of publications since 2014, as shown in Figure 1.
3D printing in Europe, including the UK, has received European Union (EU) funding since
the first Framework Programme (FP) (1984–1987). During 2007 and 2013, a total budget
of around €225 million spent on this field in EU, in which over €160 million successfully
supported more than 60 3D printing technology projects [110]. Among the top 10 countries’
publications, a large number (>39%) involve international cooperation, especially for France
(56.11%), Australia (54.18%) and Singapore (53.69%). However, Singapore has the highest
ACPP (23.00) that indicates its non-negligible influence in this field. Therefore, scientists
and engineers involved deeply in the aspect of communication and cooperation in the 3D
printing field. Despite the large publications number from China, the ACPP is relatively
low, only 10.98%. Possible reasons are the language barrier and variable quality in the
incremental research papers. Figure 4 shows the top 10 productive countries’ collaboration
relationships. The node size of each country is proportional to the number of articles. The
lines represent the collaboration between countries with their thickness indicating the
intensity. The United States is the most active country that collaborated with 138 countries,
especially with China and South Korea. Meanwhile, China ranks the second place on the
list, followed by the UK and Germany.

Table 1. The top 10 most productive countries and regions.

Rank Country TA TC ACPP SP (%) nCC H-Index

1 USA 5546 117,993 21.28 32.85% 70 138
2 Peoples R. China 3914 42,996 10.98 34.80% 54 76
3 UK 1469 24,554 16.71 52.48% 71 71
4 Germany 1197 18,795 15.70 49.54% 56 63
5 South Korea 1122 14,159 12.62 26.92% 43 54
6 Australia 825 14,984 18.16 54.18% 51 53
7 Canada 685 8438 12.32 45.11% 51 43
8 Italy 681 10,745 15.78 51.84% 56 46
9 France 565 7705 13.64 56.11% 54 42

10 Singapore 542 12,468 23.00 53.69% 40 56
TA, total articles; TC, total citations; ACPP, average citations per publication; SP, share of publications; nCC,
number of cooperative countries.
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3.2. Contribution of Leading Institutions

Table 2 lists the top 10 institutions in the 3D printing field, ranked by their number
of publications, citations and h-index. The Chinese Academy of Sciences contributes the
most publications among all institutions, followed by Nanyang Technological University
and Tsinghua University. As for the ACPP and h-indexes, Harvard University has the
highest ACPP (77.99) and highest h-indexes (61), followed by the Massachusetts Institute of
Technology (MIT) with ACPP 40.23 and h-indexes 51. Nanyang Technological University
has the third highest ACPP (29.94). Clearly, these institutions play key roles in the develop-
ment and promotion of this field. Although there are five Chinese institutions on the top
10 list, their ACPP and TPR results are relatively low. As shown in Figure 5, although the
Chinese Academy of Sciences published the largest number of articles, their collaborations
intensity is relatively low compared with Harvard University. Most collaborations are
concentrated on domestic institutions, such as Harvard University with MIT, Chinese
Academy of Sciences with Shanghai Jiao Tong University or Tsinghua University. Georgia
Institute of Technology has the strongest connections with the international institutions,
with e.g., Chinese Academy of Sciences and Shanghai Jiao Tong University.

Table 2. The top 10 most productive institutions.

Rank Institution TA TPR% TC ACCP h-Index Country

1 CHINESE ACAD SCI 333 77.48% 4774 14.34 40 China
2 NANYANG TECHNOL UNIV 280 87.86% 8383 29.94 50 Singapore
3 TSINGHUA UNIV 223 82.96% 4632 20.77 37 China
4 ZHEJIANG UNIV 220 82.27% 3506 15.94 31 China
5 MIT 218 90.83% 8770 40.23 51 USA
6 SHANGHAI JIAO TONG UNIV 217 75.12% 3420 15.76 32 China
7 XI AN JIAO TONG UNIV 183 78.69% 3120 17.05 29 China
8 HARVARD UNIV 176 97.73% 13,805 77.99 61 USA
9 GEORGIA INST TECHNOL 173 84.97% 4302 24.87 34 USA

10 NATL UNIV SINGAPORE 167 81.44% 1999 11.97 25 Singapore
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3.3. Contribution of Leading Research Areas

It is a consensus that 3D printing is a fast-developing multidisciplinary field [111],
which can also be concluded from the articles distributed in 212 WOS research areas.
Table 3 illustrates the top 10 WOS hot research areas in 3D printing ranked by the article
numbers. There is no doubt that “Materials Science Multidisciplinary” dominates this
research area with 4053 articles, followed by “Engineering Biomedical” and “Nanoscience
Nanotechnology”, which are the main scientific areas on 3D printing. The most active
interdisciplinary research area collaborated with “Materials Science Multidisciplinary”
is “Physics Applied”, following by “Nanoscience Nanotechnology”, and “Engineering
Manufacturing”, as shown in Figure 6. Moreover, “Chemistry Physical”, “Chemistry
Multidisciplinary” and “Materials Science Biomaterials” occupy the first three positions
in areas with high ACPP, which are 29.05, 26.40, and 26.28, respectively. Accordingly, the
chemistry and material areas, with high ACPP, are vital for 3D printing development.

Table 3. Contribution of leading research areas.

Rank WOS Research Area TA TPR% TC ACPP

1 Materials Science Multidisciplinary 4053 77.97% 63,758 15.73
2 Engineering Biomedical 1647 82.27% 40,830 24.79
3 Nanoscience Nanotechnology 1580 82.22% 38,735 24.52
4 Materials Science Biomaterials 1550 85.16% 40,740 26.28
5 Physics Applied 1351 78.02% 27,255 20.17
6 Chemistry Multidisciplinary 1314 80.75% 34,685 26.40
7 Engineering Electrical Electronic 1086 72.10% 8973 8.26
8 Engineering Manufacturing 1029 81.63% 12,467 12.12
9 Polymer Science 840 77.38% 9135 10.88

10 Chemistry Physical 828 83.21% 24,056 29.05
TPR%, the share of cited articles in its total publications of each research area.
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3.4. Leading Journals in Terms of Number of Publications in 3D Printing Research

17,505 articles related to 3D printing were published during 1990–2020 in 2551 dif-
ferent journals. As listed in Table 4, Materials takes the leading position with 282 articles
concerning 3D printing, followed by Additive Manufacturing (274), ACS Applied Materials
Interfaces (273), Biofabrication (271), Scientific Reports (267) and Rapid Prototyping Journal (255).
The aforementioned six journals have similar paper amounts and share 10.12% of the total
publications, and the top 10 journals listed in Table 4 have produced 2267 articles for a
share of 14.15%. Moreover, each of the rest of the non-top journals contribute with a share
of far less than 1%. In terms of IF, Additive Manufacturing has a high IF of 7.173 follow
by the four material and biology-related journals, namely, Advanced Materials, Advanced
Functional Materials, ACS Applied Materials Interfaces and Biofabrication. To create a historical
map of 3D-printing-related publications in journals by year, we employ the bubble chart of
the top 10 productivity journals, as shown in Figure 7. A handful of articles can be found
from 1990 to 2014 in the 3D printing field, but evident growth in publications is witnessed
and continues after 2014, which agrees with the pattern shown in Figure 1. Apart from
manufacturing-oriented journals like Additive Manufacturing, International Journal of Ad-
vanced Manufacturing Technology and Rapid Prototyping Journal, the top journals contributing
to this increasing trend in 3D printing are journals in the fields of materials science or
biology, such as ACS Applied Materials Interfaces, Advanced Materials, Advanced Functional
Materials, Materials Design and Biofabrication.

Table 4. The Top10 journals publishing articles.

Rank Journal Title TA TPR% TC ACP IF

1 Materials 282 73.40% 2312 8.20 2.972
2 Additive Manufacturing 274 80.29% 2752 10.04 7.173
3 ACS Applied Materials Interfaces 273 83.88% 4426 16.21 8.456
4 Biofabrication 271 88.56% 9272 34.21 7.236
5 Scientific Reports 267 84.27% 5704 21.36 4.011
6 Rapid Prototyping Journal 255 72.94% 1950 7.65 2.801
7 Materials Design 194 87.63% 4736 24.41 5.77

8 International Journal of Advanced
Manufacturing Technology 158 75.32% 1506 9.53 2.496

9 Advanced Functional Materials 147 77.55% 3020 20.54 15.621
10 Advanced Materials 146 93.15% 11,838 81.08 25.809

TPR%, the share of cited articles in its total publications of each journal.
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3.5. Contribution of Leading Authors

Table 5 shows the top 10 most productive authors based on their publication numbers,
among which Dong-Woo Cho (52) leads the list with a total number of publications of 67,
followed by Yong He (43), Ali Khademhosseini (38) and H. Jerry Qi (37). For the ACPP,
the Jennifer A. Lewis group ranks the first with 187.94, followed by Ali Khademhosseini
(99.82) and Dong-Woo Cho (68.8). Moreover, Lewis and Khademhosseini both achieve the
highest h-index of 26, followed by Dong-woo Cho (25) and Lijie Grace Zhang (23). Yong He
and Min Zhang started publishing work on 3D printing in 2015 and 2017, respectively, and
remain very active in this area, as shown in Figure 8. So far, there is no sign of cooperation
between these ten authors, as shown in Figure 9. The majority of top 10 productive authors
are from the top three most productive countries, except those from South Korea, Singapore
and France i.e., Dong-woo Cho, Yong He and Jacques Lalevee. Nevertheless, the share
of articles of the top 10 authors in total publications is only 2.1%, which means that a
large number of researchers are working in this field and making contributions to the
total of 17,505 publications. The vast population in the research community promises new
developments and breakthroughs in 3D printing shortly.

Table 5. Contribution of the top 10 authors.

Rank Author TA TPR% TC ACCP h-Index

1 Cho, Dong-Woo 52 96.15% 3096 59.54 25
2 He, Yong 43 93.02% 1035 24.07 16
3 Khademhosseini, Ali 38 100% 3793 99.82 26
4 Qi, H. Jerry 37 97.30% 1636 44.22 20
5 Yeong, Wai Yee 36 100% 1654 45.94 21
6 Pearce, Joshua M 35 94.29% 1397 39.91 16
7 Zhang, Lijie Grace 34 94.12% 1280 37.65 23
8 Zhang, Min 34 88.24% 625 18.38 15
9 Lalevee, Jacques 32 96.88% 531 16.59 12

10 Lewis, Jennifer A 32 100% 6014 187.94 26
TPR%, the share of cited articles in their total publications of each research group.
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3.6. Patent Status of 3D Printing

Patents as a form of intellectual property refer to the business behavior of the owner
to protect the legal rights to their inventions. So far, there are 27,462 patents applications
on 3D printing all over the world according to the Derwent Innovations Index database.
As shown in Figure 10, the participation of individuals patenting in the 3D printing field
was initially stagnant until 2013, increased significantly thereafter and peaked in 2019. The
number of patent applications in 2019 (6098) was 190 times that of 2009, which represents
a greater growth in quantity than that of academic publications (Figure 1) though with
a similar trend. More specifically, the most frequently mentioned content in Derwent
World Patents Index (DWPI) is “stereographic moulding”, followed by “plastics” and
“additive manufacturing apparatus”, showing that a large portion of the patents concern
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the advancements in 3D printing devices and manufacturing technologies like moulding,
extrusion, forming, laminating or spinning of materials, especially for plastics.
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Figure 10. Annual applications and DWPI distribution of 3D printing patents.

Although the United States is the most productive country in academic publications
on 3D printing, China is the largest producer of patents in this field with 72.853% of the total
filed patents, followed by the United States (8.921%) and the World Intellectual Property
Organization (8.725%) as shown in Figure 11. China’s strong performance in the area of
3D printing intellectual property has led to a new highest record number of intellectual
property applications worldwide.
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The important contributors of the 3D printing patents are revealed in Figure 12. Most
of the top contributors are from the universities of China, however, the Hewlett-Packard
Development Company, L.P. from the United States ranks the first of the top patent appli-
cant list. It owns a number of patents to the number of the top three applicants from China
combined. Moreover, all the top contributors in the United States are enterprises, indicating
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compared with China the main driving force of the 3D printing patent applications are
economic interests rather than research interests.
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The categorization of the top one hundred 3D printing patent contributors is shown
in Figure 13, where three major sorts of contributors can be distinguished, namely “univer-
sities, hospitals and research institutes”, “corporations” and “individual inventors”. The
“corporations” lead, with enormous increments from 2016 to 2018 until they were finally
overtaken by the “universities, hospitals and research institutes” group in 2019.
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3.7. Analysis of the Most Highly Cited Papers

Citation impact is a widely accepted index to evaluate scientific articles, despite the
fact it is affected by many factors [105]. The top 10 ESI highly cited papers are analyzed, as
shown in Table 6. The most highly cited article is “3D bioprinting of tissues and organs”
published in Nature Biotechnology by Murphy et al. [112]. It leads the list with 2142 citations
in total and gains the highest total citation per year (TCY), which reveals the wide interest
in biomedical applications to some extent. Meanwhile “Metal Additive Manufacturing:
A Review” [113] and “3D Bioprinting of Vascularized, Heterogeneous Cell-Laden Tissue
Constructs” [114] take the second and third place with 1471 and 865 citations, and quite
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high annual citations of 166 and 97.6, respectively. Most of the top 10 articles were published
in top journals such as Nature [112,115], Advanced Materials [114], Biomaterials [116], etc. It
is noteworthy that eight of the ten top papers are from institutions in the United States,
showing that the United States is the leading country in this research field. The authors
of the other two articles are from the Netherlands [116] and Germany [117], respectively.
In addition, only one of the most highly cited papers is contributed by one of the ten
top authors i.e., Jennifer Lewis [114]. Two of the most highly cited papers are from same
institute i.e., Wake Forest University (USA) and both are authored by Atala [112,115], which
shows his position and influence in 3D printing though he is not on the list of the top 10
most productive authors.

Table 6. Top 10 highly cited papers during the period of 2009–2020.

No Author Title TC TCY Source Year Country

1 Murphy, S.V. [112] 3D bioprinting of tissues
and organs 2142 306 NAT.

BIOTECHNOL. 2014 USA

2 Frazier, W.E. [113] Metal Additive Manufacturing:
A Review 1471 210.1 J. MATER. ENG.

PERFORM. 2014 USA

3 Kolesky, D.B. [114]
3D Bioprinting of Vascularized,

Heterogeneous Cell-Laden
Tissue Constructs

865 123.6 ADV. MATER. 2014 USA

4 Melchels,
F. P. W. [116]

A review on stereolithography
and its applications in

biomedical engineering
812 73.8 BIOMATERIALS 2010 The

Netherlands

5 Kang, H. W. [115]

A 3D bioprinting system to
produce human-scale tissue

constructs with
structural integrity

788 157.6 NAT.
BIOTECHNOL. 2016 USA

6 Berman, B. [118] 3-D printing: The new
industrial revolution 781 86.8 BUSINESS

HORIZONS 2012 USA

7 DebRoy, T. [119]
Additive manufacturing of

metallic components—Process,
structure and properties

747 249 PROG. MATER.
SCI. 2018 USA

8 Rengier, F. [117]
3D printing based on imaging

data: review of
medical applications

719 65.4 INT. J. COMPUT.
ASS. RAD. 2010 Germany

9 Bose, S. [120] Bone tissue engineering using
3D printing 685 82.6 MATER. TODAY 2013 USA

10 Gross, B. C. [121]

Evaluation of 3D Printing and Its
Potential Impact on

Biotechnology and the
Chemical Sciences

671 95.9 ANAL. CHEM. 2014 USA

3.8. Research Interests and Perspectives

As listed in Table 7, the earliest review articles on 3D printing were published in
2010 [116,117]. After that, review articles on 3D printing have appeared every year, and
have witnesses an explosive increase since 2014. It is remarkable that there were hundreds
of reviews annually published after 2015, which is a strong evidence that 3D printing
is a thriving field in the research community. The multidisciplinary characteristic of 3D
printing and the variety background of authors results in a diversity of contents, analy-
sis perspectives, and arguments in their publications. The reviews listed in Table 8 are
classified based on authors’ technical standpoints, such as materials, performance prop-
erty, multiscale structure, defect control, efficiency, hybrid print, cost reduction, support
framework and post process. The top ten research areas of the publications citing these
reviews are multidisciplinary materials science, nanoscience nanotechnology, materials sci-
ence biomaterials, biomedical engineering, manufacturing engineering, multidisciplinary
chemistry, applied physics, polymer science, mechanical engineering, physical chemistry,
etc., which are shown in Figure 14.
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The review articles covered the latest work around the world and concluded with
the recent challenges and future work in this field. These conclusions and suggestions
are meaningful for the followers and potential researchers in this field, thus, readers are
encouraged to refer to the reviews listed in Table 7 to seek the most creative publications.
For example, Liang et al. [122] stressed that more advanced topology optimization methods
need to be developed to meet the urgent need of designing high-performance and light-
weight structures for multifunctional monolithic products with considering the fabrication
speed and resolution. Goh et al. [123] advocated that more research work should be
carried out in the material development field so that more choice of materials can be
found for specific 3D printing techniques, meanwhile, the selected printing parameters
also need to be investigated to improve the static and dynamic mechanical performance
properties of the printed materials. Frazier [113] emphasized the importance of closed-loop,
real-time, sensing, and control systems for minimizing the defects that dominates the
fatigue properties of the 3D printed alloys. Murphy [112] stated that the printability of
biocompatible materials is mainly determined by the physiochemical parameters of the
hydrogel used, such as the rheological properties and crosslinking mechanisms. However,
the challenge is the compatibility of the materials that interact with endogenous tissues
and the immune system. Duballet [124] proposed a classification method to explore
the variations of parameters and their combinations that shape the possible 3D printing
building systems characteristics, but the challenge of the systems is to create new complex
building elements of greater performances with considering several disciplines such as
rheology, robotics, structural engineering and civil engineering, and not only to speed up
the building process. Wallin [125] pointed out that the tight link between soft robotics
and 3D printing techniques with materials science is being strengthened. A combination
of different 3D printing manufacturing technologies is urgently required for the complex
assembly of actuators, sensors, controls and power systems in soft robotics, which need
a deep understanding of the thermodynamics, kinetics, phase space and morphological
transitions of polymer systems.
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Nevertheless, materials science plays a protagonist role in the field of the 3D print-
ing technology, integrating expertise from the fields of electrical engineering, mechanical
engineering, chemical engineering, cell biology, biomedical engineering and others [126].
Furthermore, they are all involved in an interdisciplinary cooperation in the 3D printing
area to make more substantive achievements. Novel material and multi-material compos-
ites were mentioned and discussed in depth in most reviews (referring to Table 8) [126–130],
which is an undoubtedly another hotspot in 3D printing. Another vogue is smart materials,
which are addressed in [126,131,132]. They can be employed by adding stimuli-responsive
materials that can render constructs dynamic and responsive to changes in temperature,
pH, electrical or magnetic fields. This is conceiving a next-generation inspiring research
ground of the 4D printing technology. Moreover, hybrid systems, combining inkjet print-
ing and FDM, and allowing complex structures to take shape, are another trend in 3D
printing that has the potential to mitigate the disadvantages of any single 3D printing
technique [126,130–137]. Different from the conventional manufacturing technology, 3D
printing is driven by the needs of cost and lead time reduction for developing prototypes
of designed parts and products [138], and now it is expected to produce mature products
for commercial and medical use. This involves significant challenges in performance
properties [139], defect control [113], cost reduction [138] and efficiency [140]. Despite all
these aspects, the development of useful and sustainable 3D printing machines will require
advances toward more suitable materials and manufacturing technologies, which leads to
a systematic work process.

Table 7. Reviews on topic of 3D printing.

Year (S/N) Author Title Source TC TCY

2020 Meng [122]
From Topology Optimization Design to

Additive Manufacturing: Today’s
Success and Tomorrow’s Roadmap

ARCH. COMPUT.
METHOD E. 24 24

2020 Goh [123]
Process-Structure-Properties in

Polymer Additive Manufacturing via
Material Extrusion: A Review

CRIT. REV. SOLID
STATE. 20 20

2020 Matai [132]
Progress in 3D bioprinting technology

for tissue/organ
regenerative engineering

BIOMATERIALS 13 13

2019 Ashammakhi [131] Advancing Frontiers in
Bone Bioprinting

ADV. HEALTHC.
MATER. 44 22

2019 Chen [140] 3D printing of ceramics: A review J. EUR. CERAM. SOC. 111 55.5

2019 Zhang [137]
Three-dimensional (3D) printed

scaffold and material selection for
bone repair

ACTA BIOMATERIALIA 44 22

2019 Groll [17] A definition of bioinks and their
distinction from biomaterial inks BIOFABRICATION 59 29.5

2019 Dai [141] 3D printing using plant-derived
cellulose and its derivatives: A review

CARBOHYDRATE
POLYMERS 37 18.5

2018 Velasco-Hogan [142]
Additive Manufacturing as a Method

to Design and Optimize
Bioinspired Structures

ADVANCED
MATERIALS 25 8.3

2018 Li [139] Review of 3D printable hydrogels
and constructs MATERIALS & DESIGN 21 7

2017 Ligon [138] Polymers for 3D Printing and
Customized Additive Manufacturing CHEMICAL REVIEWS 506 126.5

2017 Lee [130] Fundamentals and applications of 3D
printing for novel materials APPL. MATER. TODAY 257 64.3
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Table 7. Cont.

Year (S/N) Author Title Source TC TCY

2017 Zhang [126]
Printing, folding and assembly

methods for forming 3D
mesostructures in advanced materials

NAT. REV. MATER. 227 56.8

2017 Wang [143] 3D printing of polymer matrix
composites: A review and prospective COMPOS. PART B-ENG. 582 145.5

2016 Truby [136] Printing soft matter in three dimensions NATURE 377 75.4

2016b Mandrycky [129] 3D bioprinting for engineering
complex tissues

BIOTECHNOLOGY
ADVANCES 371 74.2

2016 Stansbury [144]
3D printing with polymers: Challenges

among expanding options
and opportunities

DENTAL MATERIALS 383 76.6

2016 Sames [145] The metallurgy and processing science
of metal additive manufacturing INT. MATER. REV. 533 106.6

2016 Bhattacharjee [146] The upcoming 3D-printing revolution
in microfluidics LAB ON A CHIP 367 73.4

2015 Yap [128] Review of selective laser melting:
Materials and applications APPL. PHYS. REV. 436 72.7

2015 Do [133] 3D Printing of Scaffolds for Tissue
Regeneration Applications

ADV. HEALTHC.
MATER. 263 43.8

2015 Huang [135]
Additive Manufacturing: Current State,
Future Potential, Gaps and Needs, and

Recommendations

J. MANUF. SCI.
E.-T. ASME 298 49.7

2015 Ho [134] 3D printed microfluidics for
biological applications LAB ON A CHIP 333 55.5

2014 Murphy [112] 3D bioprinting of tissues and organs NATURE
BIOTECHNOLOGY 2249 321.3

2014 Frazier [113] Metal Additive Manufacturing:
A Review

J. MATER. ENG.
PERFORM. 1554 222

2013 Malda [147] 25th Anniversary Article: Engineering
Hydrogels for Biofabrication

ADVANCED
MATERIALS 679 84.9

2013 Ozbolat [148] Bioprinting Toward Organ Fabrication:
Challenges and Future Trends IEEE T. BIO-MED. ENG. 275 34.4

2012 Derby [149] Printing and Prototyping of Tissues
and Scaffolds SCIENCE 616 68.4

2012 Melchels [150] Additive manufacturing of tissues
and organs PROG. POLYM. SCI. 596 66.2

2011 Guillotin [151] Cell patterning technologies for
organotypic tissue fabrication TRENDS BIOTECHNOL 226 22.6

2011 Butscher [127]

Structural and material approaches to
bone tissue engineering in

powder-based
three-dimensional printing

ACTA BIOMATERIALIA 277 27.7

2010 Melchels [116] A review on stereolithography and its
applications in biomedical engineering BIOMATERIALS 841 76.5

2010 Rengier [117] 3D printing based on imaging data:
review of medical applications

INT. J. COMPUT.
ASS. RAD. 787 71.6
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Table 8. Technical contents of 3D printing related reviews.

Year (S/N)

Item
Materials

Performance
Property

Multiscale
Structure Defect Control Efficiency Hybrid Print Cost

Reduction
Support

Framework
Post Process

2020 [122]
√ √ √ √

2020 [123]
√ √ √ √

2020 [132]
√ √

2019 [131]
√ √ √ √

2019 [140]
√ √ √ √

2019 [137]
√ √ √ √ √

2019 [17]
√

2019 [141]
√

2018 [142]
√ √ √ √

2018 [139]
√ √ √

2017 [138]
√ √ √

2017 [130]
√ √ √

2017 [126]
√ √

2017 [143]
√ √ √ √ √

2016 [136]
√ √ √ √

2016 [129]
√ √ √

2016 [144]
√ √ √ √

2016 [145]
√ √ √ √ √ √

2016 [146]
√ √ √

2015 [128]
√ √ √ √

2015 [133]
√ √ √

2015 [135]
√ √ √ √ √

2015 [134]
√ √ √ √

2014 [112]
√ √ √ √

2014 [113]
√ √ √ √

2013 [147]
√ √ √ √

2013 [148]
√ √ √ √

2012 [149]
√

2012 [150]
√ √ √

2011 [151]
√ √ √

2011 [127]
√ √

2010 [116]
√ √

2010 [117]
√ √ √ √
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4. Conclusions

Although 3D printing is a relatively new field, there is no doubt that it is growing
rapidly. This is supported by the surges in publications, new journals, and general public
interest. According to the bibliometric analysis, the institutions in the North America, Asia,
and Europe are actively engaged in the 3D printing research, with the United States taking
the leading position, followed by China and the UK. Singapore has the highest ACPP,
and is the second most active country in cooperating with other countries, especially with
China. The Chinese Academy of Sciences is the most productive institution, while Harvard
University has the highest ACPP and h-index.

The growth of 3D printing demands new developments in material science, structural
topology, and manufacturing process technology. This is reflected in the number and
prominence of articles or journals in this field, the science journals discussing biomaterial
applications and material performances are in the top list of 3D printing publications. Mean-
while, Materials ranks first among the top 10 journals on 3D printing, whereas “Materials
science, Multidisciplinary” is the most attractive area, with 4053 publications.

Jennifer A. Lewis, Ali Khademhosseini, and Dong-woo Cho are the top three most
productive authors considering their ACPP and h-index ranks. Despite the top ten authors’
powerful influence, a large number of other researchers are working in this field contribut-
ing 97.9% of the total publications. Furthermore, two of top ten highly cited paper are from
Wake Forest University (USA) and both of them are authored by Atala though he is not on
the list of top ten leading authors.

Despite the limitations of bibliometric studies like a lack of standardization of authors’
name or the unfeasibility to make all-inclusive search queries to search for papers, our
study of the reviewed articles on 3D printing suggests that the following aspects are most
important aspects to researchers: materials, performance property, multiscale structure,
etc. Although there are obstacles to the commercialization and medical applications of
3D printing as discussed in these review articles, advancements of fundamental material
theory and manufacturing technology over multidisciplinary areas are expected to be the
hotspot and core contributor to motivate the future development of 3D printing.
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