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ABSTRACT

Additive Manufacturing (AM) applications have expanded to many areas. Whereas review
articles portray the current state of knowledge on AM, scientometric studies identify relevant
areas, principal authors, trends, and primary contributing sources from a quantitative
perspective. Analysis of the AM still needed to comprise numerous scientific documents and
include qualitative criteria. Using a vast number of published documents on AM, we propose a
systemized approach to explore AM conceptual subsystems and their historical development.
We applied our method to 68,676 records published between 1990 and 2021 in the Web of
Science based on revised AM historical terms to prevent including documents unrelated to the
subject matter. From a temporal perspective, statistical analysis revealed an explainable change
in the AM research trend in 2008. A qualitative study of bibliometric maps obtained with the
VOSviewer software led us to determine thirteen conceptual subsystems on AM, whose time
development also clarified the history of the whole discipline. These conceptual subsystems
distribute in four main publication source clusters, whose leading contributing countries are also
reported. Restricting this methodology to specific AM conceptual subsystems or extending it to
other knowledge areas is straightforward. Besides, the interactive bibliometric maps, accessible
online, enable users to explore the AM conceptual system and find the most cited publications
for a better depiction of the current state of knowledge on AM in its different areas.
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INTRODUCTION

Additive manufacturing (AM) or 3D printing techniques
join materials layer upon layer to create objects from a
three-dimensional digital model,"" reducing manufacturing time
or cost and producing objects with complex shapes that other
methods cannot fabricate.™

The varied possibilities brought about by AM have motivated
its study from different perspectives: characteristics of the
techniques, materials employed, pros and cons of the methods,
applications, social impact, and historical and forthcoming
development.©**?!

The vast scientific literature on AM requires scientometric and
bibliometric techniques to identify relevant topics in particular
areas, principal authors, contributing countries, research
concentration areas, and development trends, among other
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aspects. Studies with these objectives have emphasized AM’s
main methods, properties, and applications;!"*2* and the impact
of AM on the industry, business, environment, and society.
In addition, overviews on the concentration areas in scientific
research, general trends, and their main actors.%!

In its origins, AM developed only prototypes, evolved to
manufacturing end-use products, and reached the point where
the end consumer is the owner and user of this technology."!
These changes in AM history have yielded adjustments in the
references to its processes and results. Some apparent gaps in the
subject’s history result from disregarding shifts in concepts and
language; different terms might refer to a similar concept, such as
“additive manufacturing” or “3D printing,” but a term might also
refer to other topics, as is the case of “rapid prototyping”

To provide an outlook on the AM scientific literature, to detect its
significant changes, to characterize the main concepts involved
in it, its primary producers, and the principal publication sources
they use, we provide a systemic view of the scientific literature on
AM through a quantitative-qualitative approach with a refined,
comprehensive list of pertinent historical terms to include as
many AM scientific publications as possible and make its timeline
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intelligible. We introduce a technique to diminish the number
of false-positive results in the bibliographic query, verifying the
terms’ accuracy. A neater selection enabled us to unveil a moment
of significant change in the research trends within the analyzed
period, which extended from the appearance of the first scientific
document referring to AM (1990) to December 31%, 2021.
VOSviewer, an open-access software for building and visualizing
bibliometric maps with a large amount of information,*” delivers
easy-to-interpret maps to analyze the Conceptual System (CS), its
development over time, the primary producers of AM research,
and how this production distributes in the scientific publication
sources.

METHODOLOGY
Bibliographic query

The bibliographic query employed eight historical terms: additive
manufacturing, additive fabrication, additive techniques, additive
layer manufacturing, layer manufacturing, solid freeform
fabrication, freeform fabrication, and 3D printing.

The bibliometric analysis used the VOSviewer software on all
documents available in the Web of Science (WoS), a database that
allows downloading complete publication records with the cited
references in files with no more than 500 publication records and
no limit in the number of files. In contrast to WoS, Scopus allows
downloading 2,000 complete publication records or 20,000
restricted to citation information alone.

Different writing formats of the eight historical terms appeared in
the algorithm for searching in the WoS core collection, including
titles, abstracts, keywords, and keywords-plus of all kinds of
scientific papers from 1900 to 2021. The initial and the final query
strings are shown in Table 1.

The final query string excludes the terms “rapid prototyp*” and
“additive* process*” of the initial query string after the statistical
refinement.

The wildcard “*” in the WoS refers to the absence or presence
of one or more characters; for example, “additive* manufactur*”
would allow finding phrases like additive manufacturing,

additively manufactured, and additive manufacture. Double
quotes force the inclusion of only those documents containing
the exact phrase and exclude those where the words appear
separately, which may not belong to the studied group. A total
of 68,676 publication records resulted in 138 tab-delimited text
format files (137 of the files with 500 records and one with 176
records).

Refinement statistical method

The number of terms used in the query is the main factor that
increases false positives cases in the results. The accuracy of
the query must precede any bibliometric analysis. In our initial
query, our search included the terms “rapid prototyp*” and
“additive* process*” and yielded 80,999 publication records as
shown in Table 1. We randomly sampled 162 tab-delimited text
format files from this set (one record for each 500-block) and
reviewed the samples’ titles and abstracts to determine whether
the subject matter belonged to AM. Thirteen (8.02%) of the
162 records turned out to be false positives related to the terms
“rapid prototyp*” and “additive* process*”; ditching these terms
improved the accuracy of the work.

The sampling process referred to above for the 138 files sampled
from 68,676 publication records yielded only two false positives
(1.44%). Estimating possible false positives in the whole
population used a Montecarlo-like method (SupplementalFilel).
Given the proportion w of wrongly placed documents, we
randomly distributed them among the 68,676 items. Then we
sampled the set, taking one item in each 500-block, and counted
the number of wrong items caught by the sample. One thousand
such samples for each of one hundred different random locations
of w x 68,676 items enabled us to compute the probability of
finding at most two wrong items. Our result is compatible with
values of w < 0.048 for an excluding alpha of 0.05. That means that
if the entire set of documents has 4.8% or more wrong items, the
probability of finding at most two wrong items with our sampling
method would be less than 0.05. Data exploration, statistical tests,
and simulations used R statistical language.'® The implemented
refinement statistical method is described in Figure 1.

Table 1: Query strings used on the WoS.

Description Query string Number of
results
Initial query TS = (“3d print*” or “3-d print*” or “3-dimensional* print*” or “additive* fabricat*” or “additive* 80,999
string layer* manufactur*” or “additive* manufactur*” or “additive technique*” or “freeform* fabricat*”
or “layer* manufactur*” or “solid freeform* fabricat*” or “solid freeform* manufactur*” or
“three-dimensional* print*” or “three-d print*” or “rapid prototyp*” and “additive* process*”).
Final query TS = (“3d print*” or “3-d print*” or “3-dimensional* print*” or “additive* fabricat*” or “additive* 68,676
string layer* manufactur®” or “additive* manufactur*” or “additive technique*” or “freeform* fabricat*”
or “layer* manufactur*” or “solid freeform* fabricat*” or “solid freeform* manufactur*” or
“three-dimensional* print*” or “three-d print*”).
658 Journal of Scientometric Research, Vol 12, Issue 3, Sep-Dec, 2023
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Figure 1: Refinement statistical method.

RESULTS AND DISCUSSION

The disruptive change in AM scientific publications’
trend

The first document found by our query string in the WoS
was published in 1957 and included in its title the words “a
3-dimensional printed back panel” but clearly, it was not
about AM. We found the first document corresponding to AM
published in 1990, entitled “Innovations in 3-D printing,” part
of the national computer graphics association conference held
in Anaheim, California. The temporal course of the number of
publications from that document to December 31st, 2021, is
shown in Figure 2.

In 1990 only five publications referred to AM, and in 2010 there
were as many as 296; in this period, publications on the subject
followed a monotonous trend. However, that trend changed
drastically since then: in the last eleven years, 96.98% of the total
scientific publications on AM were published, with 87.95% in the
last six years (21.72% of the total papers were published in 2021
alone, 14,918). Figure 2 suggests a trend change in the number of
AM publications.

We split the period in Figure 2 into two, taking 2003 as the
separation point, which resulted in the first period from 1990 to
2003 and a second from 2004 to 2021; we then compared the slope
(exponentially fitted) of the two periods. Similarly, we tested the
splitting year from 2004 to 2013, for the pairs of periods obtained
(SupplementalFile2). The splitting given in 2008 yielded the most
significant statistical difference (t= 5.658), displayed in Figure 3.

In Figure 3, the most noticeable differences between the actual
values of scientific publications and the ones predicted by the blue
statistical model are in 2020 and 2021. The trend of the actual

Journal of Scientometric Research, Vol 12, Issue 3, Sep-Dec, 2023

14000~
2 12000-
S
b=
§ 10000-
=)
= 8000-
a
2 6000-
.8 4000-
Q
[75]
2000-
0-
Or“l"r\OC‘IJDrI‘I-‘r\"Jf‘/J‘OF‘I"P‘OC‘/JO(‘I
D DA & (=] (= -] S O — — el s |
(=) (=) (=) [=)) (=) o o o o o o o o o o o o
—_— — - - R [ ] [ ] ol ol ol ol ol ol ol ol ol ol
Date (years)

Figure 2: Number of AM scientific publications per year. Elaborated with
RStudio.
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Figure 3: Number of AM scientific publications per year and statistical
models. Scientific publications 1990-2021 (open circles), statistical models
adjusted to the number of publications, 1990 to 2008 (red line) and 2009 to
2021 (blue line). The graph shows the 95% confidence intervals for each of
the models (dashed lines). Elaborated with RStudio.

number of publications in the field might indicate an inner decline
in publications or could reflect the COVID-19 pandemic’s impact
on publishing activity. In either case, the blue exponential model
of the second period lacks precision in the 2020 and 2021 values,
which could influence the trend change estimation. Therefore,
we repeated the process explained in the last paragraph cutting
off the last one and last two years of the splitting second periods
(2021, and 2020-2021) to use a better fit of the blue exponential
models for publications’ values. The splitting in 2008 kept yielding
the most significant statistical differences in both cases, with
respective values of t=5.810 and t=5.688. Therefore, 2008 was a
year when a significant change occurred in the trend of scientific
publications on AM. This change in the trend was possibly driven
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by the emergence of open-source AMM**? and the expiration of
several patents on AM between 2006 and 2010, which in
turn triggered the emergence of new companies manufacturing
low-cost 3D printers for personal and office use.***!

The AMCS

We made several bibliometric maps using VOSviewer and the
68,676 publication records to define the AM CS. We identified the
most relevant scientific papers and established AM’s conceptual
subsystems (CSSs, CSS for the singular form).

It was impossible to produce a bibliometric map based on
document citations, with zero citations and the highest number
of links as limits, including all 68,676 publications. Despite using
a mid-range computer (with 16 GB RAM, a 4.1 GHz quad-core
processor, and a solid-state drive) and increasing the memory
available to VOSviewer following the manual,® the software
crashed.

Taking the most cited documents as an inclusion criterion, we
kept reducing the number of publications to obtain a map that
allowed us a smooth interaction with it. Within the range of
15,000 to 35,000 documents, the VOSviewer software structured
the clusters of documents similarly and steadily; some clusters
disappeared, however, if the number of records was below 15,000.
Hence, we chose 15,000 documents with the highest amount
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lin®201 2)

Figure 4: Bibliometric map produced by VOSviewer displaying the thirteen
AM CSSs. This bibliometric map is based on document citations (15,000
items). The items show the first author’s last name and the document’s
publication year. The size of the items and text labels is proportional to the
number of citations the documents have received. The links represent citations
between documents. The letters inside the white circles (“A” to “M”) represent
the CSSs with the following names: A. Metals. B. Tissue engineering and artificial
organs. C. Polymers. D. Composite, active, and functional materials. E. Technology
management, optimization, and social implications. F. Scaffolds. G. Medical
models. H. Biotechnology and chemistry. |. Ceramics. J. Pharmaceuticals. K.
Construction industry. L. Food. M. Emissions. Refer to the SupplementalFile3
for more detailed information on these CSSs. For an interactive version of this
VOSviewer map use the link: https://app.vosviewer.com/?json=https://drive.
google.com/uc?id=1EYOr7Th50DEg-EeCEtkh8Y_YSzBO592N.
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of links as a limit, allowing us to establish a comprehensive
definition of the AM CS without affecting the maneuverability
of the map in its online version. The closeness between map
items is directly proportional to their similarities; similar items
share a color.®”! By qualitatively reviewing a sufficient number of
the most cited documents in each of the seventeen clusters, we
designated thirteen CSSs, as shown in Figure 4.

Related CSSs are situated closer together in Figure 4. For example,
Metals (A) is related to Scaffolds (F), metallic-made materials
intended as prostheses. Tissue engineering and artificial organs
(B) is closely related to Composite, active, and functional materials
(D), Medical models (G) and Pharmaceuticals (]J), as well as
developing scaffolds with biomaterials (F). The CSS Technology
management, optimization, and social implications (E) covers a
variety of subjects that involve different techniques, accounting
for its location among Metals (A), Polymers (C), Ceramics (1), and
Construction industry (K). Knowing the distribution of the CSSs
in Figure 4 and using the VOSviewer density visualization option
in this Figure 4, we could identify the location of the most cited
documents among the CSSs, as shown in Figure 5.

According to Figure 5, the CSSs with the most cited documents in
AM are Metals (A)> Tissue engineering and artificial organs (B)>
Composite, active, and functional materials (D)> Polymers (C)>
Technology management, optimization, and social implications
(E). The prominent place of Metals could be accounted for
by the mechanical properties of the parts created through this
technique, the end-use nature of these products, and the potential
to significantly impact industrial production models.”) The
highly-cited documents in CSSs C and E might be the review
articles covering AM techniques, their characterization, and
their social implications. CSSs D and B are primarily related to
developing new materials and the healthcare sector; the prompt
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Figure 5: Bibliometric map produced by VOSviewer displaying the thirteen
AM CSSs (density visualization). Greater number of highly cited documents
(red), lower number of highly cited documents (blue). Modified from
VOSviewer.
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demand for new materials and treatments could explain many
citations. The complete information on the thirteen CSSs appears
in Table 2.

The Metals CSS contains the most items and citations, 4,416
and 195,788, respectively, though its average of 44 citations per
document is below the average of other CSSs. Accordingly, the
most salient CSSs within AM are as follows: Tissue engineering
and artificial organs (68 citations per document), Composite,
active, and functional materials (56), Technology management,
optimization, and social implications (45), Scaffolds (45), Metals
(44) and Biotechnology and chemistry (42).

To understand the temporal development of the AM CS, we
filtered by year and by CSS the 15,000 most cited scientific
publications in Figure 4, from 1990 to 2021; the evolution over
time of the most cited scientific publications of AM within each

of the thirteen CSSs appears in Figure 6.

In 2005, there were documents associated with 10 CSSs, and
by 2007, documents associated with 12 CSSs. Between 2014
and 2021, the thirteen CSSs account for 85 to 99% of the total
scientific publications (Figure 6).

The first scientific publications associated with Ceramics,
Technology management, optimization, and social implications,
Metals, and Polymers; this is consistent with the materials involved
in AM and the optimization of its techniques. The historical
development of these CSSs has been different. Metals accounted
for the highest publication rate, citations, and documents (971)
by 2021 (Table 2). The remarkable predominance in its number of
publications started in 2016 and continues until 2021, possibly due
to its products’ mechanical resistance and industrial applications.
(6912 Polymers has 40.45% of Metals’ estimated annual publication
rate (384 documents in 2021), probably because polymers are
usually less resistant than metals. However, their mechanical
properties continue to be optimized,” and the low cost of
materials and open-source resources make the Fused Filament

Table 2: Information on the thirteen CSSs. The information in this table resulted after refining the data from the VOSviewer. “map” file that generates

Figure 4. Average citations are obtained by dividing the number of citations by the number of items in each of the CSSs. The annual publication rate

is the slope of a linear model estimated with the number of scientific publications from 2014 to 2021 for each of the CSSs since more than 85% of the
publications in each case appeared in these eight years.

Letterin Main Name VOSviewer
Figure4 cluster clusters
color

A - Metals 1,8, 14,15, 16

B Tissue engineering and 2
artificial organs
C - Polymers 3
D Composite, active, and 4
functional materials
18 Technology management, 5
optimization, and social
implications
F - Scaffolds 6
G Medical models 7
Biotechnology and 9
chemistry

I Ceramics 10
] Pharmaceuticals 11
K Construction industry 12
L Food 13
M Emissions 17

Journal of Scientometric Research, Vol 12, Issue 3, Sep-Dec, 2023

Percentage Number Number Average Annual
with of of items citations publication
respectto citations rate
the 15,000
items
294 195,788 4,416 44 131
12.2 124,591 1,834 68 30
10.6 62,778 1,593 39 53
10.4 87,780 1,562 56 39
7.3 49,500 1,103 45 14
6.8 46,089 1,022 45 27
6.7 35,211 1,007 35 12
4.6 29,392 696 42 11
4.1 23,101 608 38 15
3.5 20,775 519 40 20
2.6 15,695 386 41 16
1.2 6,439 184 35
0.5 2,157 70 31 2
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Figure 6: Number of AM scientific publications per year in each of the
thirteen CSSs. The information on this figure is based on the 15,000 items
shown in Figure 4. The lines colors correspond to the main cluster colors in
Figure 4. Elaborated with RStudio.

Fabrication (FFF) technique increasingly accessible, broadening
polymers’ applications. The publication rate of Ceramics is 11.45%
(117 documents), compared to Metals; this may be because these
products are less ductile and dense than metals, and the limited
variety of materials."”)

The optimization of techniques, processes and products, and the
interest in the social implications of AM are mixed in Technology
management, optimization, and social implications (with 146
documents). This CSS originated early on and has a meager
publication rate (14). In recent years, it has entered a plateau,
which may be due to the fact that, in the current state, it is not
possible to deepen its development and that the foundations of its
implications have been established.

In 1997 the first article associated with Composite, active, and
functional materials was published. This CSS was crucial to
creating products made up of layers of different materials; its
publication rate is 39 (310 documents), and its applications
include: sensors, actuators, robots, batteries, electronic circuits,
and 4D printed products. This CSS possibly gave rise to Tissue
engineering and artificial organs from hydrogels and thermo-
and photosensitive polymers, and later to Pharmaceuticals
and Medical models CSSs, by adding bioactive substances or
generating functional anatomical models.

Scaffolds started to have associated documents in 2005 and
has a publication rate of 27, very similar to Tissue engineering
and artificial organs (214 documents). The latter allowed the
development of the Scaffolds CSS, which is more specialized and
is currently necessary for generating tissues.

Pharmaceuticals, Medical models and Biotechnology and chemistry
CSSs, with publication rates of 20, 12, and 11, respectively,
increased their publication rate in 2014, probably impacted by
the implementation of desktop and low-cost 3D printers; their
current low publication rates possibly reflect reaching a top
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application level that demands technological development and
accessibility.

The most recently formed CSSs are Construction industry, Food,
and Emissions. They have low publication rates (16, 8 and 2,
respectively; and only 108, 51 and 14 documents). These three
CSSs increased the number of publications in 2015. Note that
there is no significant trend change in the Emissions CSS after
2017, perhaps for the limited amount of techniques and materials
that can be emission evaluated.

Using VOSviewer we also produced the bibliometric map based
on text data to identify the most frequently used terms in the
CSSs of the AM scientific literature (Figure 7). The parameters
for the map were the binary count method, including only the
title and abstract of the 68,676 publication records and excluding
copyright statements and structured abstract labels, setting a
minimum of 500 occurrences per term and showing only the first
307 terms (60% of the most relevant, according to the algorithm
described by van Eck and Waltman).®’) We analyzed the terms and
used a “thesaurus file” (Supplemental File4) to omit the recurrent
ones (additive manufacturing process, layered manufacturing,
additively, 3d printer, and others) and refine the synonyms.

The terms of the bibliometric map of Figure 7 refer mainly to the
CSSs Metals (green cluster); Scaffolds and Tissue engineering and
artificial organs (blue cluster); Medical models (red cluster); and
Comporsite, active, and functional materials together with Polymers
(red and yellow clusters). The terms “electron beam,” “slm”
(selective laser melting), and “fdm” (fused deposition modeling)
trademarked by Stratasys Inc. refer to different AM techniques.

The FDM technique, also known as FFFE, has played a crucial role
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Figure 7: Bibliometric map of the 307 AM terms that VOSviewer designated
as the most relevant. The size of the items and text labels is proportional to
the number of term occurrences. The distance between terms indicates their
relatedness; the smaller the distance, the strongest the terms are related. The
link thickness is proportional to the number of times the terms occur together.
Modified from VOSviewer. For an interactive version of this bibliometric map,
use the following link: https://app.vosviewer.com/?json=https://drive.google.
com/uc?id=1m_PWqzJtZf3cS5k_cij-tWWrjfdM-Jm1.
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in the scientific development of AM for various reasons, and its
patent expired around the trend switch. The terms “fdm” and “fff”
in the yellow cluster are close to the map center, which reveals
their strong relationships with the other terms; it was the most
used technique in the open-source projects cited in the trend
change analysis in Figure 3, and it is the principal technique used
in the Polymers CSS.

Figure 8 shows the 50 most cited publication sources distributed
in the CSSs, based on the 68,676 publication records and using
the VOSviewer default settings.

The publication sources with more AM publications are “Additive
Manufacturing” with 1,894 documents; “Materials” with 1,254
documents; “International Journal of Advanced Manufacturing
Technology” with 1,035 documents; “Rapid Prototyping Journal”
with 1,008 documents; and “Materials and Design” with 874
documents (Figure 8). These five publication sources are also in
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Figure 8: Bibliometric map of the 50 publication sources with the highest
AM citation amount. Item and text label sizes are proportional to the number
of documents published in each source. The link thickness is proportional

to the number of citations between sources. Modified from VOSviewer.

For an interactive version of this bibliometric map, use the following link:

https://app.vosviewer.com/?json=https://drive.google.com/uc?id=1F
3sAVPyu1a1KyNix8KhffGXN9y-VSzZA.

the top ten with the highest total citations, corresponding to the
first, tenth, fifth, fourth, and second places. Table 3 shows the 50
publication sources and their respective citation information.

Table 3: Citation information on the 50 publication sources with the highest citation amount. Average citations are obtained by dividing the number
of citations by the number of documents in each of the publication sources.

Cluster color Name of the publication source Number of Number Average
in Figure 8 documents of citations
citations
_ Additive manufacturing 1894 38087 20
Materials 1254 14207 11
_ International journal of advanced manufacturing technology 1035 19201 19
_ Rapid prototyping journal 1008 20079 20
_ Materials and design 874 33548 38
- Materials science and engineering a-structural materials properties 611 18375 30
microstructure and processing
_ Polymers 556 4470 8
_ Scientific reports 521 13374 26
_ Applied sciences-basel 518 2769 5
_ Acs applied materials and interfaces 488 12498 26
_ Materials today-proceedings 448 1963 4
_ Metals 418 2903 7
_ Journal of manufacturing processes 383 4571 12
_ Journal of materials processing technology 348 16354 47
_ 3d printing and additive manufacturing 313 3287 11
_ Journal of materials engineering and performance 310 4685 15
Advanced engineering materials 302 4974 16
continued...
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Table 3: Cont’d.

Cluster color Name of the publication source Number of Number Average
in Figure 8 documents of citations
citations
- Journal of manufacturing science and engineering-transactions of the 300 7061 24
asme
_ Materials letters 282 4287 15
_ Jom 280 5197 19
_ Materials science and engineering c-materials for biological applications 268 7756 29
_ Journal of alloys and compounds 268 7628 28
Ceramics international 267 4265 16
_ Advanced functional materials 257 9415 37
_ Biofabrication 254 11748 46
_ Micromachines 242 2221 9
_ Acta biomaterialia 239 13833 58
_ Advanced materials 235 24832 106
_ Journal of the mechanical behavior of biomedical materials 227 5772 25
_ Composites part b-engineering 225 9408 42
_ Advanced materials technologies 207 3079 15
_ Acta materialia 202 17310 86
_ International journal of pharmaceutics 194 7610 39
Journal of the european ceramic society 179 4103 23
_ Virtual and physical prototyping 174 4109 24
_ International journal of fatigue 164 5211 32
_ Materials characterization 156 4053 26
- Metallurgical and materials transactions a-physical metallurgy and 150 4272 28
materials science
_ Advanced healthcare materials 145 4378 30
_ Analytical chemistry 136 5254 39
_ Computer-aided design 132 5639 43
_ Biomaterials 128 16127 126
_ Lab on a chip 128 6147 48
_ Nature communications 127 7853 62
_ Pharmaceutics 122 1500 12
_ Applied materials today 112 2409 22
_ Cirp annals-manufacturing technology 111 4982 45
_ International journal of machine tools and manufacture 53 4732 89
_ Progress in materials science 23 4575 199
_ International materials reviews 18 3272 182

)
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Even though “Additive Manufacturing” is the publication source
with the highest amount of documents and total citations,
it has only an average of 20 citations per document. Other
sources excel in the average citations per document: “Progress
in Materials Science” (199), “International Materials Reviews”
(182), “Biomaterials” (126), and “Advanced Materials” (106). The
high average citations received in “Progress in Materials Science”
and “International Materials Reviews” is expected, for they focus
on publishing review articles. On the other hand, the average
citations in “Biomaterials” and “Advanced Materials” is striking,
which reinforces the importance of the CSSs Tissue engineering
and artificial organs and Composite, active, and functional
materials.

Despite the heterogeneity in the publication sources, it is possible
to know which CSS they are part of by looking at their titles and
scopes. For example, different publication sources focused on the
healthcare sector in the red cluster (CSSs B, D, F, G, H, and J), the
AM with metals in the green cluster (CSS A), rapid prototyping
in the blue cluster (CSSs C and D), and ceramic materials in the
yellow one (CSS I). Notice that there are publication sources in
the different clusters of Figure 8 that belong to more than one CSS
because they publish in a variety of different AM applications, as
in the case of the journals “Additive Manufacturing” and “Rapid
Prototyping Journal”

To identify the countries that contribute the most to the CS, we
created the bibliometric map in Figure 9, which displays the
distribution of the countries with the highest number of citations
in the AM scientific documents by selecting the first 50 countries
with a minimum of five documents and using the VOSviewer
default settings.

The United States of America, China, Germany, and England have
the highest production and citations in AM scientific documents.
They produced 19,561; 12,538; 5,435; and 4,741 documents,
respectively (Figure 9). These four countries host the links with
the highest reciprocal citations in their scientific literature. The
United States of America leads a cluster of twenty-four countries
that host the most extensive number of scientific documents
(red). With only five countries, an Asian-Oceanic cluster led by
China has the second-largest number of scientific documents
(yellow), followed by a cluster of eight countries led by Germany
(green). The rest of the AM scientific documents distributes
in blue>turquoise>orange>and purple clusters, headed by
France, Japan, Canada, and Scotland. The European continent
contributes the most to AM scientific publications. Among the 50
countries with the highest citations in AM scientific documents,
twenty-seven belong to Europe, fourteen to Asia, five to America,
two to Africa, and two to Oceania. The complete information on
the 50 top-producing countries in the AM CS is in Table 4.

The countries impact of publications does not necessarily
correspond to the average number of citations: a Belgium and
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Figure 9: Bibliometric map of the 50 countries with the highest number
of citations in AM scientific documents. The size of the items and labels is
proportional to the number of documents published in each country. Link
thickness is proportional to the number of citations between countries.
Elaborated with VOSviewer. For an interactive version of this bibliometric map,
use the following link: https://app.vosviewer.com/?json=https://drive.google.
com/uc?id=1Y7V2_hWmcuSjdhm-ZZ49CLwfPKXy52qk.

the United States of America comparison shows Belgium with a
12-point lead over the 20 average citations per document of the
United States. Nevertheless, the latter has 21 times the number of
scientific documents and 13 times the total number of citations
than Belgium. Note that the VOSviewer software considers the
co-authorships of a document as one document for each of the
authors’” countries, which may distort the observation.

The United States of America produces most of the scientific
documents on AM, and this country granted the first patents
referring to AM techniques.” The United States of America,
China, Germany, and England are among the top six countries
applying for patents on AM,® consistent with their significant
published contribution. Since a wide range of areas of high
scientific interest that produce new technological advances use
AM (for that, AM is named the “new industrial revolution”),
these leading countries integrate AM as part of their technological
innovation plan.

Using the most general terms to refer to AM, we intended to
avoid a bias towards its different areas. However, we cannot rule
out a bias caused by using the WoS database instead of Scopus,
which contains more scientific documents. The methodology
implemented in this work reduced the inclusion of documents
unrelated to the subject matter; however, we still need to provide
a method to control the exclusion of relevant publications in the
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)

Table 4: Citation information on the 50 countries with the highest citation amount. Average citations are obtained by dividing the number of
citations by the number of documents in each of the countries.

Cluster color in
Figure 9

66

Continent to

which the country

belongs
American
Asian
European
European
European
Asian
Oceanic
Asian
American
European
European
Asian
Asian
European
European
European
European
American
Asian
European
European
European
European
European
Asian
European
European
Asian
European
European
Asian
European
Asian

African

Name of the
Country

Usa
Peoples r china
Germany
England
Italy
South korea
Australia
India
Canada
France
Spain
Japan
Singapore
Netherlands
Russia
Switzerland
Poland
Brazil
Taiwan
Sweden
Belgium
Turkey
Portugal
Austria
Iran
Czech republic
Finland
Malaysia
Romania
Scotland
Saudi arabia
Ireland
Israel

South africa

Number of
documents

19561
12538
5435
4741
3268
2884
2668
2432
2370
2277
1945
1852
1780
1372
1357
1300
1135
1063
1029
917
896
799
729
703
641
600
579
573
514
507
493
472
448
444

Number of
citations

383954
177655
91561
99420
48817
37545
58484
25431
33502
33672
22509
19683
44694
34845
8327
27359
11736
10010
9986
14138
28456
7163
9828
11049
8803
4402
9623
5082
2854
7798
5893
8419
8199
4689

Average citations

20
14
17
21
15
13
22
10
14
15
12
11
25
25

21
10

10
15
32

13
16
14

17

15
12
18
18
11

continued...
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Table 4: Cont’d.

Cluster color in Continent to Name of the
Figure 9 which the country Country
belongs
_ European Denmark
Oceanic New zealand
_ European Norway
_ European Greece
_ American Mexico
_ Asian Thailand
_ European Wales
_ African Egypt
_ Asian U arab emirates
_ European Slovakia
_ Asian Pakistan
_ European Slovenia
_ American Chile
_ European North ireland
_ European Estonia
_ Asian Philippines

Since AM has shared technical terms with other disciplines, these
terms lead to false positives in a bibliographic query; adjusting
terms let us minimize the estimated error. A more reliable
document selection enabled us to find, around 2008, a significant
trend shift in the scientific publications about AM. This year
coincides with the emergence of several open-source projects, the
expiration of some patents concerning AM techniques, and the
appearance of companies manufacturing low-cost 3D printers.

Through a systemic approach to the scientific literature on AM,
we could identify thirteen AM CSSs and their development
over time: Metals; Tissue engineering and artificial organs;
Polymers; Composite, active, and functional materials; Technology
management, optimization, and social implications; Scaffolds;
Medical models; Biotechnology and chemistry; Ceramics;
Pharmaceuticals; Construction industry; Food; and Emissions.

The AM CS began by addressing the primary materials used in
its different techniques, optimizing its techniques, processes,

Journal of Scientometric Research, Vol 12, Issue 3, Sep-Dec, 2023

Number of Number of Average citations

documents citations
426 7707 18
382 5976 16
374 4950 13
371 5107 14
363 2623 7
300 1849 6
259 4390 17
258 3356 13
247 3529 14
196 1070 5
165 1620 10
160 1385 9
142 1658 12
140 1816 13
100 936 9
64 1424 22

and products, and studying their social implications. Later, the
AM CS turned to create products made up of layers of different
materials, four-dimensional products, and products related to
the healthcare sector; more recently, the AM CS has focused
on the emissions originated during the AM processes and the

development of the food and construction sectors.

The CSSs are the subject of four publication source clusters, mainly
focused on the healthcare sector, rapid prototyping, and AM of
metals and ceramic materials. The leading countries contributing
to them are the United States of America>China>Germany> and
England; we also found some groups of countries that highly

contribute to the scientific literature on AM.

Verifying the accuracy of the query, as in the method used in this
work, could provide a baseline for future AM research. Since all
the procedures and tools used in this work are open access, this
methodology easily transfers to scrutinize specific AM CSSs or
other knowledge areas. While the details are beyond this paper’s
scope, further analysis of other issues related to the AM CS is

straightforward with the online interactive maps.
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