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A B S T R A C T   

The study presents a bibliometric analysis of studies conducted on multi-materials printing of electronic com-
ponents via additive manufacturing technologies. Using the R package and the associated biblioshiny, the study 
analyzed publications from Web of Science and Scopus. The study analyzed 405 research articles after removing 
104 duplicates. The study applied performance analysis, keyword analysis, and network analysis. The perfor-
mance analysis showed that the publications on multi-materials additive manufacturing are multi-disciplinary. 
Whilst the publications span almost three decades, most contributions started after 2015. The United States of 
America is the country with the highest production. The keyword analysis showed a changed focus before and 
after 2015. The trending topics show that the most recent trend is in the ‘aerospace industry’. Finally, the 
thematic analysis shows that the emerging themes in the area are interfaces, moisture, diffusion, microstructure, 
mechanical properties, and powder metallurgy. These emerging themes are discussed as they are conceived as 
the future directions of multi-materials printing of electronic components and devices. The current trend of 
research focuses on understanding and improving the interfacial bonding between the various multi-material 
interfaces. Overcoming the weak interfacial bonding issues would improve the mechanical properties of multi- 
materials electronic components.   

1. Introduction and motivation 

Additive manufacturing (AM) has revolutionized the manufacturing 
industry and has been considered a pivot for industry 4.0 [1,2]. Several 
businesses have widely adopted AM in the automotive, aerospace, 
medical, and electronics industries [3]. It gained its popularity through 
the use of single material to produce complex three-dimensional (3D) 
images layer-by-layer [2,4]. As the manufacturing industry is constantly 
evolving, the current demand is to produce 3D structures with 
multi-material properties [5], implying manufacturing a single 3D ob-
ject with different material properties in defined locations. 
Multiple/Multi-Material Additive Manufacturing (MMAM) technology 
has led to the production of objects with the desired properties in stra-
tegic locations based on the functional requirements of the final 

products [6,7]. The MMAM process created opportunities for rapid 
design and direct manufacturing of multifunctional devices and systems 
monolithically [8], without the use of a complex manufacturing process 
and expensive tooling [9]. The process fosters innovations and product 
optimizations since the selected materials are varied within the manu-
factured products [2]. 

ISO/ASTM TR 52912 [10] defined the MMAM process as “a 
layer-by-layer fabrication technique that intentionally modifies process 
parameters and gradationally varies the spatial of material(s) organi-
zation within one component to meet intended function”. Girnth et al. 
[11] defined the MMAM strategy based on the geometrical dimensions 
in which the material is graded and the number of different materials 
used. Accordingly, to their definition, a hybrid AM 3D component is 
produced when only two materials are used, and MMAM 3D component 
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is produced when more than two different materials are used. The au-
thors would like to align the definition of MMAM in this article with 
ISO/ASTM TR 52912 definition involving more than one material. The 
Multi-Material Additive Manufacturing (MMAM) technology allowed 
material components to be varied in a controlled manner, an evolutional 
paradigm shift from the traditional fabrication methods [12]. The 
MMAM permitted the manufacturing of near-net products with blended 
interfaces. Each of the interfaces is developed with different materials 
depending on the functional requirements of each interface [6,7]. The 
manufacturing of the 3D products with different interfaces that response 
differently could be considered analogous to the emerging 4D printing 
[9]. The 4D printing process has been described as printing a 3D 
structure with smart materials that respond to external stimuli from the 
environment, resulting in a change in shape or physical properties over 
time. Time is added as the fourth dimension (4D) that triggers the 
change in a 3D-printed object in response to a change in the environ-
ment. The litterateur reveals that some studies have focused on the 
reversibility of 3D printed shape memory materials (4D) that could be 
used to print electron components with multiple material properties [1, 
9,13]. 

MMAM is envisaged to provide desired properties in strategic loca-
tions/interfaces permitting localized optimization, such as thermal 
conductivity in conformal cooling channels; wear resistance, vibration 
damping, thermal insulation coatings, high hardness, and high- 
temperature resistance properties in turbines engines; increasing the 
lifetime and efficiency of tools with abrasive wear environment by 
combing hot work steel and tungsten carbide/cobalt; dielectric and 
magnetic properties in antenna and meta-materials; optical properties in 
laser telecommunication systems; inclusion of embedded components 
such as resistors, sensors in electrical devices [14,15]. The layer-wise 
manufacturing strategy employed by the AM process opens the win-
dow of possibility of incorporation/embedding various electronic com-
ponents into 3D build parts during the manufacturing process 
monolithically as opposed to the multiple assembly steps of the con-
ventional manufacturing methods [16,17]. 

1.1. AM process used to manufacture multi-materials 

ISO/ASTM52900-15 [18] classified the AM manufacturing systems 
into seven categories (material extrusion, vat photopolymerization, 
powder bed fusion, material jetting, direct energy deposition, sheet 
lamination, and binder jetting) according to their mechanism of oper-
ation. Each of the seven manufacturing systems has unique 
manufacturing principles, feedstock, advantages, and disadvantages, as 
summarised in Table 1. 

Since each AM system has its unique strength, a new strategy in the 
manufacturing industry is the combination of the various manufacturing 
systems to build a component, normally termed hybrid additive 
manufacturing (HAM). The HAM process can directly produce a 3D 
electronic device (direct writing of electronic circuitry) with different 
properties with dissimilar materials (Fig. 1), such as integrated dielectric 
devices, conductors, semiconductors, magnetic flux sensors, highly 
stretched LED boards, customized Li-Ion batteries, photodetectors [14, 
28–31]. The MMAM process is not only able to produce multifunctional 
electronic devices monolithically but also miniaturize the electronic 
devices to a smaller footprint [32]. Espalin et al. [28] reported that 
NASA produced a miniaturized 3D electronic device to develop the 
next-generation space exploration vehicle, a CubeSat Trailblazer was 
launched with embedded miniaturized 3D electronic device occupying 
only 10% of the available 10 × 10 × 10-cm CubeSat enclosure. The 
MMAM CubeSat was embedded in a modular system as secondary 
payload to increase accessibility to space. The miniaturized CubeSat 
MMAM electronic devices have less than 25 consolidated components 
compared to the original version of 150 components, leading to a 50% 
reduction in weight and a 20% increase in stiffness, resulting in six times 
fewer possible failure locations [33]. The 3D printing of the Ta
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multi-material enhances the electronic devices’ mechanical properties, 
enabling the device to withstand the harsh condition of space - extreme 
thermal cycling, low pressure, radiation, etc. The direct writing of the 
multi-materials is an excellent tool to print electronic devices 
conformable to any arbitrary shape, as demonstrated by NASA [32]. 

Valentine et al. [34] produced stretchable strain and pressure sensors 
using thermoplastic polyurethane as a matrix and thermoplastic poly-
urethane with silver flakes as a conductive material monolithically. 
Zhang et al. [35] also printed a highly stretchable electronic LED board 
with up to 1300% stretchability. The 3D-printed LED has a 
high-resolution and high fidelity (up to 7 μm) and can maintain electric 
conductivity even under large deformation. The MMAM process was 
used by Park et al. [36] to print five different materials; a transparent 
anode, a photoactive layer, an electrically insulating layer, a cathode, 
and a silver nanoparticle inter-connecter on a single platform to build a 
photodetector that achieved an external quantum efficiency of 25.3%. 
The approach was extended to print integrated multifunctional devices 
consisting of optically coupled photodetectors and light-emitting diodes 
circuitry of arbitrary geometries. Wei et al. [29] demonstrated the rev-
olutionary strength of the MMAM methods to produce lithium-ion bat-
teries (LIBs) of thick semisolid electrodes that exhibit high capacity with 
customized geometries. The HAM manufacturing capability of AM sys-
tems holds innovative promise. As the various AM systems attain 
maturity, manufacturing complex functional electronics systems will 
continue to emerge. Roach et al. [37] integrate four AM technologies; 
inkjet (IJ), fused filament fabrication (FFF), direct ink writing (DIW), 
and aerosol jetting (AJ) onto one single manufacturing platform along 
with robotic arms for pick-and-place photonic curing for intense pulsed 
light (IPL) sintering. The HAM was used to produce complex electronic 
devices, providing a wide range of functionalities with applications 
ranging from soft robotics and flexible electronics to medical devices. 
Valentine et al. [34] use the HAM strategy to produce electrical circuitry 
by directly printing insulating matrix and conductive electrode inks and 
integrating passive and active electrical components to produce the 
desired electronic circuitry. The components are then interconnected via 
printed conductive traces - the fabricated ecteronic devices could be 
used in wearable electronics, soft robotics, and biomedical devices. It is 
also documented that Zhang et al. [30] use HMA to fabricate electronics 
circuitry that requires the printing high viscous conductive materials 

containing high concentrations of metal particles or carbon-based ma-
terials. The authors combined DIW manufacturing systems with MJ and 
DLP to fabricate fast-response, stiffness-tuneable soft actuators. The 
actuators demonstrated stiffness up to 120 times without sacrificing 
flexibility and adaptivity. The hybrid additive manufactured actuators 
were embedded with a printed Joule-heating circuit and fluidic cooling 
microchannel circuit that enable the actuators to complete a soften-
ing–stiffening cycle within 32 s. Such multiply components 
manufacturing on a single platform is almost impossible using one AM 
manufacturing strategy. 

Although there are a number of review publications on MMAM and 
electronic devices [12,38–41], there seems to be no systematic review 
on MMAM electronic devices. The purpose of this study, therefore, is to 
examine the trend of MMAM of electronic components, investigate the 
themes of MMAM of electronic components in publications, recognizing 
prolific scholars and their contributions to the field of MMAM of elec-
tronic components, and exploring publication networks and collabora-
tions across institutions, countries, and regions over time. The study also 
aims to identify any shifts in the research boundaries related to MMAM 
of electronic components, based on a substantial body of existing 
research. The findings of this study will be valuable to researchers, 
particularly those who are interested in and are new entrants in th field 
newly. New researchers, for example, can easily locate top articles based 
on citation counts, prolific authors, and research hotspots. In addition to 
information such as current themes and thematic future directions, 
smart learning environments can help researchers make research in-
terest decisions. This study’s key research question is: how has research in 
the MMAM of electronic components grown through time in terms of scientific 
output, theme breakthroughs, scholar contributions, and future thematic di-
rection? A bibliometric analysis is relevant for this study since it attempts 
to give a comprehensive overview of the MMAM of electronic 
components. 

2. Methodology 

2.1. Bibliometric analysis 

The methodology applied to this study was bibliometric and the-
matic analyses of the cluster of research networks. The thematic analysis 

Fig. 1. Schematic representation of fabricated electron device with AM methods.  
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of the publications over the years was undertaken to provide an un-
derstanding of the trends of research and to provide clarity to the groups 
of studies conducted in the field of MMAM. According to Cooper [42], 
“Bibliometric methods estimate how much influence or impact a 
selected research article has on future research. It usually does this by 
counting the number of times the article is cited after it is published”. 
Applying this to an entire research field helps researchers to examine the 
trends and impact of the entire research area, as explained by Donthu 
et al. [43]. The subsequent sections describe the sampling, data collec-
tion and other procedures undertaken. 

2.2. Sampling 

The study focuses on the application of multi-material printing of 
electronic components. It was also found that several studies used the 
term functional graded materials instead of multi-materials. It was, 
therefore, necessary to include the latter in the search. Also, since the 
study is about the application of multi-materials in the production of 
electronic devices, the word “electronic” was added to each line of the 
search words. The Bullion words “OR” and “AND” became useful to 
streamline the search. All searches were made using topics that included 
titles, keywords, and abstracts. In unison, the search terms used in both 
web of Science and Scopus were the same. The following were the search 
terms used: 

“multi-materials*” AND “electronic*” OR “Functional* graded ma-
terials” AND “electronic*” OR “Additive manufact* AND multi-ma-
terials*” AND “electronic*” OR “Additive manufact* AND 
Functional* graded materials” AND “electronic*” OR “3d print* AND 
multi-materials*” AND “electronic*” OR “3d print* AND Functional* 
graded materials” AND “electronic*” 

The keywords combination means that publications that have multi- 
materials, electronic, additive manufacturing, and 3d printing in their 
title, abstracts, keywords, or abstracts or had functional(ly) graded 
materials and electronic(s) in their title, abstracts, keywords or abstracts 
would be added to the study. 

2.3. Data collection and processing 

After inserting these keywords in the search engines, Web of Science 
produced 245 publications, whilst Scopus produced 264 publications. 
Due to the exploratory nature of the paper, the search was not restricted 
(e.g., by language or type of publication). One hundred and four (104) 
duplicates were found and removed from the data using the R package. 
The two data sources were combined using the "mergeDbSources" 
function on R. The final total number of publications included in the 
final analysis was therefore, 405. 

2.4. Analysis tools 

A three-phase process was used to discover insights into MMAM 
research. In the first phase, the study concentrated on two types of 
bibliometric indicators in this study: (1) traditional bibliographical data 
such as authors, affiliations, sources (e.g., journal names), and publi-
cation year; and (2) terms (e.g., words and phrases) extracted from the 
titles and abstracts of research articles using natural language processing 
techniques. This section of the analysis made use of the R package and 
biblioshiny. At this stage, clusters were also identified, which aided in 
the selection of articles for evaluation in the second phase of this review. 
The second phase is the science mapping analysis. This was done to 
identify the various collaborations between the citations and, finally, the 
network mapping, which shows the major clusters in the research area. 

2.5. Software package and bibliometric analysis 

The “bibliometrix R-package” software was used. The R package is 

open-source software that provides a set of tools for undertaking 
quantitative research in bibliometrics. Aria and Cuccurullo [42] created 
the R-package, which is written in the R programming language [42]. It 
contains the most important algorithms for statistical and scientific 
mapping analysis. The web interface app (Biblioshiny) was introduced 
in recent versions of the bibliometrix R-package (i.e., 2.0 upwards) to 
assist users without coding abilities in conducting bibliometric analysis. 
Data can be imported in BibTex, CSV, or Plain Text format from Scopus 
or Web of Science databases via the Biblioshiny interface. Biblioshiny 
also allows one to filter data. This study took advantage of the features of 
biblioshiny for bibliometrix to import the combined WoS and Scopus 
datasets from the R package. 

3. Results and discussions 

The results reflect the growth and trends of MMAM research in terms 
of publication output, distribution, source, citations, prolific scholars, 
affiliations, social networks, and the field’s thematic focus. 

3.1. Data synthesis 

The literature reveals that AM manufacturing concepts started in 
1984, and it was only in the 1990s that its application to multi-materials 
began [43]. Hence, the current research would consider articles pub-
lished over the past two decades, beginning in 1996, based on the data 
extracted from Scopus and web of Science. The synthesized data for the 
bibliometric analysis is shown in Table 2. It presents a descriptive 
summary of the studies on MMAM. 

3.2. Performance analysis 

Performance analysis investigates the contributions of research 
constituents to a certain topic. The descriptive quality of the analysis is 
the hallmark of bibliometric investigations [44]. It is very important to 

Table 2 
Data synthesis and Descriptive.  

Description Results 

MAIN INFORMATION ABOUT DATA 
Timespan 1996:2022 
Sources (Journals, Books, etc) 291 
Documents 405 
Average years from publication 7.85 
Average citations per documents 18.35 
Average citations per year per doc 2.517 
References 15054 
DOCUMENT TYPES 
article 207 
article; early access 2 
article; proceedings paper 5 
book 2 
book chapter 4 
conference paper 104 
conference review 5 
proceedings paper 48 
review 28 
DOCUMENT CONTENTS 
Keywords Plus (ID) 2988 
Author’s Keywords (DE) 1141 
AUTHORS 
Authors 1392 
Author Appearances 1734 
Authors of single-authored documents 22 
Authors of multi-authored documents 1370 
AUTHORS COLLABORATION 
Single-authored documents 27 
Documents per Author 0.291 
Authors per Document 3.44 
Co-Authors per Documents 4.28 
Collaboration Index 3.62  

T.C. Dzogbewu et al.                                                                                                                                                                                                                           



Results in Engineering 19 (2023) 101318

5

present the performance of different research constituents (e.g., the 
nature of the topic under investigation, the research approach, authors, 
institutions, countries, and journals) in the field. 

Fig. 2 demonstrates that the nature of the research approach for 
MMAM is multi-disciplinary. The various field of study involved in 
multi-materials research attests to the fact that MMAM research is multi- 
disciplinary in nature. Multi-disciplinary research derived its strength 
from using a cooperative and coordinated effort of different experts 
(shared knowledge) from different disciplines to solve a particular 
problem [45]. National Academy of Sciences [46] defined 
multi-disciplinary research as “a mode of research by teams or in-
dividuals that integrates information, data, techniques, tools, perspec-
tives, concepts, and/or theories from two or more disciplines or bodies 
of specialized knowledge to advance fundamental understanding or to 
solve problems whose solutions are beyond the scope of a single disci-
pline or area of research practice.” MMAM is beyond the scope of a 
single discipline. A particular disciplined may be required to develop the 
multi-materials, another disciplined may be required to process the 
multi-materials, and another discipline may be required to consider its 
industrial applications (Fig. 3). 

Knowledge from different scientific backgrounds is required for a 
successful realization of MMAM of electronics components for various 
industrial applications. The multi-disciplinary research approach 
adopted towards the MMAM process and applications would minimize 
the partial or one-sided result, resulting in synergy between several 
disciplines to achieve the necessary recourse of other disciplines. 

3.3. Trends in the annual number of publications and projection 

Fig. 4 shows the distribution of articles in terms of publication year 
for papers produced and developed over the period of twenty-six (26) 
years [1996–2022]. The total publishing trend of MMAM of electronic 
devices-related articles shows that 2020 was the most productive year, 
with forty-three (43) articles published, closely followed by forty-two 
(42) articles in 2021. There was a decline in 2019. A steeper slope of 
the graph could be observed from 2015, suggesting that higher than the 
previous annual average publications were published after 2015. In 
general, there has been a rise in the number of publications of MMAM. 
The past eight years [starting from 2015] have witnessed a huge interest 

in the topic of MMAM, with the past six years specifically recording an 
unprecedented number of publications in MMAM. The graph (Fig. 4) 
shows that consistency in publication growth began in 2015. The annual 
growth rate of the MMAM publications (before 2015) was quite low (an 
annual growth rate of 9.43%). However, the annual growth rate from 
2015 to 2022 is 50.38%. 

The annual growth of articles was projected to 2030 at 95% confi-
dence. The results show an expected increase in the articles published in 
MMAM from forty-two (42) articles in 2021 to fifty-five (55) in 2030. 
Interest in the area is therefore expected to increase over the next years. 
This is in accordance with the current industrial requirements of MMAM 
[16,47]. The AM systems have been used successfully to fabricate many 
complex products with only one material property [48]. The current 

Fig. 2. Performance analysis.  

Fig. 3. Interdisciplinary nature of MMAM of electronic components.  
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market demand is MMAM for specific industrial applications [47]. 
A three fields plot of top authors and countries based on the popular 

keywords in MMAM research was plotted (Fig. 5). This illustration is 
based on the more well-known Sankey diagrams [42]. The size of the 
boxes is related to the frequency of occurrences [44]; it can be postu-
lated that the United States has the most publications in the domain of 

multi-materials research, and its researchers write more on “electronic 
packaging” “finite element method” and “fibre” is also a popular topic 
among MMAM academics in the United Kingdom and Japan, while 
“electronic packaging”, “fibres” and “designs” are popular topics among 
MMAM researchers in China. “flexible electronics and fibres are also 
common topics amongst German scholars. The keywords 

Fig. 4. Trends in the annual number of publications and forecast.  

Fig. 5. Three field plot of Authors, author country, and keywords.  
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“microelectronics” and “fibres” are popular among Singaporeans, 
whereas “design” and “ceramic materials” are popular among scholars 
from the Netherlands. The keyword that is related to Korean scholars is 
“fabrication”. All the leading coutries with research focused on MMAM 
are among the top manufacturing countries in the world. United state 
and China are top two leading counteries in electonic components 
manufaturing [49]. This is in line with the huge manufactured electronic 
products supplied across the globe by these two countries. The literature 
also reveals that USA, China, and Japan are the top three leading 
countries that spend a large portion of their GDP on research and 
development (R&D). In 2018 the USA spent 502.9 billion dollars, China 
spent 408.8 billion dollars, and Japan spent 170 billion dollars on R&D 
funding [50]. It could be concluded that as the result of the huge 
financial investment in the R&D of MMAM in the above-mentioned 
countries, the researchers in these countries contribute significantly to 
the innovation/manufacturing of MMAM electronic products, leading to 
a high number of research outputs. 

AU_CO = Author Country, AU = Author names, ID = Keywords. 
The global production of publications in MMAM distribution (Fig. 6) 

demonstrated that the United States of America (USA) has a very high 
interest in MMAM research (282 publications) and followed by China 
(82 publications). The USA clearly has a unique interest in multi- 
materials printing of electronics than the rest of the world due to the 
huge difference observed between the USA and the rest of the world in 
terms of the number of publications. 

The global network structure (Fig. 7) shows that cross-continent 
collaborative relations are becoming more frequent; most such collab-
orations occur between the USA and many nations such as China, Japan, 
Korea, Germany, Italy, the UK, Iran, Brazil, Canada, Israel, Mexico, 
Netherlands, Oman, Poland, Saudi Arabia, South Africa, Turkey and 
Ukraine. Also, the second top collaborator (the United Kingdom) 
collaborated with Italy, Austria, Canada, Germany, Iran, Netherlands, 
Nigeria, Oman, Slovakia, Turkey, and Ukraine. The top collaborations 
are between USA and Korea. The least collaborations emerged from 
Africa. 

3.4. Most relevant sources 

The most relevant sources that churned out publications in MMAM 
were also examined. The top 20 journals collectively published 23.21% 
of all publications, demonstrating a fairly dispersed distribution. It may 
be seen from Fig. 8 that the top journals include Additive 
Manufacturing, Materials Science Forum, Advanced Materials, Pro-
ceedings - Electronic Components and Technology Conference, 
Advanced Functional Materials, Microelectronics Reliability, Interna-
tional Journal of Advanced Manufacturing Technology, Journal of 
Micromechanics and Microengineering, Proceedings of Spie - The In-
ternational Society for Optical Engineering, Advanced Materials 
Research, Eccomas 2012 - European Congress on Computational 
Methods In Applied Sciences And Engineering E-Book Full Papers, 
Micromachines, Advanced Materials Technologies, IEEE Transactions 
on Components Packaging and Manufacturing Technology, IEEE 
Transactions on Dielectrics and Electrical Insulation, Materials Research 
Society Symposium Proceedings, Materials Science and Engineering, 
Microelectronic Engineering, Nanotechnology, and Optics Infobase 
Conference Papers. These are leading journals in the field of AM. 

3.5. Bradford’s law 

The source growth is confirmed by Bradford’s Law analysis (Fig. 9). 
Bradford’s law [51] has been used to determine which journals are the 
most important on a specific topic. Bradford’s law demonstrates a 
pattern in how a subject’s literature gets disseminated through journals. 
“If scientific journals are arranged in order of decreasing productivity of 
articles on a given subject, they may be divided into a nucleus of more 
specifically devoted periodicals and several other groups of zones con-
taining the same number of articles as the nucleus, according to Brad-
ford’s law of scattering” [52,53]. Bradford’s law is used to determine the 
most important sources in a particular field of study. For instance, 
Neelamma and Gavisiddappa [54] applied Bradford’s law to analyzed 
the research output performance of Crystallography, which is covered in 

Fig. 6. Country scientific production.  
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the Web of Science online version database from 1989 to 2013. They 
concluded that Bradford’s law fitted the data and were able to show the 
major sources of impact to the field. Out of 291 sources (Table 1), 37 are 
core to the publication of multi-material additive manufacturing 

research. 

Fig. 7. Country collaboration map.  

Fig. 8. Most relevant sources.  
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3.6. Source growth 

Fig. 10 shows the source growth over the years for the top five 

sources. The conference on electronic components and technology 
started presenting contributions on MMAM in 1998 with two publica-
tions, followed by the Materials science forum, which started producing 

Fig. 9. Bradford’s law.  

Fig. 10. Source growth.  
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papers in 1999. Advanced materials also started churning out contri-
butions in 2001 and then Advanced functional materials in 2004. Mi-
croelectronic reliability started in 2006. The Additive Manufacturing 
journal began contributing in 2016 but has rapidly become a very 
prominent source in MMAM with an annual growth rate of 52.78%. 

3.7. Most relevant authors 

Many authors have made significant contributions to the advance-
ment of MMAM research since its inception. The goal of this section is to 
present some of these authors based on information from Scopus and 
WoS regarding the number of papers they have published. Some of 
MMAM’s most well-known researchers appear in these results. Howev-
er, due to the unique nature of the ranking, numerous other well-known 
authors may not appear. It is challenging, for example, to include au-
thors who have published their research in other databases. As a result of 
this ranking, some notable scholars in MMAM may be identified, 
although it is crucial to highlight that many other authors could have 
surfaced based on different criteria. It is possible to rank authors based 
on the number of citations they have received. Both strategies have been 
utilized in earlier studies in the literature. For example, Hsieh and Chang 
[55] opted to rank writers according to the number of publications. 
Fig. 11 depicts a list of the top twenty (20) authors with the greatest 
number of publications. They include Wang J., Wang Y., Chen L., Li Y., 
Oguntala G., Sobamowo G., Sorin F., Abd-Alhameed R., Abouraddy A., 
Fan X., Lee J., Madenci E., Na N., Qu Y., Wang X., Wang Z., Wei L., Zhang 
H., Zhang L., and Bailey C. 

3.8. Top-authors’ production over time and articles 

The top authors’ production over time is a combination of the pro-
duction of articles and total citations over the period in which their 
contributions have been relevant. Fig. 12 shows the time when the top 
twenty (20) authors first contributed to the field of MMAM of electronic 
components in Scopus and web of Science indexed journals, their con-
tributions over the years, and the length of years that they have 
contributed. The length of years is represented by the orange line, and 
the size of each dot indicates the contributions in that particular year. It 

may be noted, for instance, that Lee’s [56] first contribution was in 1998 
and has remained a relevant contributor till 2017. Chen et al. [57–59] 
have also contributed since 1999 and have been consistent till 2020. 
However, Liu Sorin and Qu started their contributions later in 2017 but 
have produced many publications hence the deep blue dots along the 
years 2021 and 2020, respectively. 

3.9. Keyword analysis 

This section presents an analysis of the keywords in the publications 
of MMAM. First, the word cloud is discussed, then the word growth, 
trending topics and co-word analysis. It is necessary to analyze the 
keywords because it provides an idea about the major themes that are 
being discussed in the research area [60]. The Word cloud (Fig. 13) 
shows the words that have been used frequently in the research area. 
The more prominent the word, the more frequent its application has 
been. The keywords analysis produces two distinct patterns. There 
seems to be a renewed interest in the research area since 2015, as 
already presented in Fig. 4 above. It would be interesting to identify the 
keywords that were prominently used prior to 2015 and after 2015. 
Therefore, the first-word cloud shows the keywords between 1996 and 
2014 and the second one shows between 2015 and 2022. 

The word clouds (Fig. 13) show the differences and similarities be-
tween the conversation prior to and after 2015. First, the term multi- 
material, which is a major keyword, seems to be prominent in both 
year groups but is more prominently used after 2015. After 2015, the 
keyword 3D printers became more prominent. It is worth noting also 
that terms such as electronic packaging, finite element method, com-
posite materials, electronic structure, and ceramic materials were more 
prominent before 2015. However, beams and fabrication, deposition, 
microstructure, microelectronics, flexible electronics, and fibres are 
characteristic of publications that were churned out after 2015. This 
shift in the word cloud after 2015 could be due to the different evolution 
phases of the AM landscape as presented in Fig. 14. 

Although it is speculated that the concept of AM started in 1945 [61, 
62], it was only in the 1980s [43] that the first AM systems were 
introduced. In the early day machines (FDM, SLA, SLS) were mainly 
used for prototyping hence the name rapid prototyping. The 1990s saw 

Fig. 11. Most relevant authors based on the number of publications in Scopus and WoS.  
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the emergence of computer-aided design (CAD) software that improved 
the performance and the efficiency of AM systems to begin to produce 
end-user products. As presented in the first segment of the word cloud 
(Figs. 13, 1996–2014), finite elements analysis and computer simula-
tions were some of the dominant research foci in the 1990s and the early 
2000s. Since the initial investment in setting up AM production/re-
search centers is very steep [63,64], most research institutions could not 
afford the AM machines but rather focused on simulating the process. As 
the AM systems began to develop and the prices of the older AM ma-
chines began to decline, research institutions were able to procure these 
machines [65,66]. This has opened the window for researchers to 
simulate and manufacture 3D objects layer-by-layer, hence the domi-
nance of the word 3D printers since 2015 (Figs. 13, 2015–2022). 

The MMAM began to emerge in the 2000s, and by 2010, the first 
MMAM prototypes were produced. As can be seen in the first segment of 
the word cloud (1996–2014), multi-material emerged as the principal 
research focus, and the first publications appeared in the archives in 
1996 [67]. Since 2015 AM systems have developed and have taken 
centre stage for producing customized end-user products of intricate 
geometrical, technical, and enhanced functionalities. As demonstrated 
by the word cloud (2015–2022), 3D printing (additive manufacturing), 
and multi-materials are the main research focus after 2015 because, at 
this stage, the AM systems have attained maturity in manufacturing 3D 
objects with one material, and the industrial requirements have changed 
to multi-material fabrication. The results of the word cloud analysis 
demonstrated that MMAM is the current focus of the AM process. It is 
empirically proven that AM systems can be used to produce 3D struc-
tures of high mechanical integrity. The current industrial demand is the 
use of multi-materials to fabricate 3D structures with unique properties 
in strategic locations based on the intended applications of the final 
products. 

The idea of manufacturing multi-materials components has already 
been in existence, and the conventional methods were used to produce 
multi-materials components by rolling, welding, diffusion bonding, 
powder metallurgy, and chemical vapour deposition [68–71]. These 
processes were laborious and time-consuming, as presented in Fig. 15. 
With the conventional methods of manufacturing, it was difficult to 
control the distributions (material transition from discrete or graded) of 
different selected materials or compositions of the materials. Due to the 
layer-wise building strategy, AM has the capacity to precisely control the 
spatial distributions of materials and thus holds great potential for the 
design and manufacturing of multi-material structures [72]. 

3.10. Word growth 

Fig. 16 shows the growth of major keywords over the years. The top 
ten (10) keywords are Functionally Graded Materials, Multi Materials, 
3d Printers, Finite Element Method, Fabrication, Electronics Packaging, 
Beams, Microstructure, Deposition, and Ceramic Materials. Introduced 
first in 1997 and appearing once each, the keywords Functionally graded 
material, Deposition, and Ceramic materials have grown exponentially. 
Multi-materials, Finite element method, fabrication, and electronic packaging 
were also introduced in 1998. Words that were introduced later were 
microstructure in 2002, Beams in 2008, and 3D Printers in 2013. The 
rapid growth of the words demonstrated the interest of researchers, 
industry practitioners, governments, investors, and all other keyholders 
in the need to produce multi-materials additively. The MMAM tech-
nology holds the potential to solve many industry requirements that 
would improve the quality of life of humanity - which is the ultimate 
goal of R&D. 

Fig. 12. Top authors’ production over time.  
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3.11. Trending topics 

The trend topics show the trending terms or the most prominent 
terms that have been used over the years. For simplicity of the diagram, 

the number of words per year was limited to three each. Fig. 17 shows 
trending topics from 1998 to 2022. The length of the line shows the 
period within which the word has been prominent, and the dots show 
the time frequency, as shown in the legend on the left of the diagram. 

Fig. 13. Word cloud.  

Fig. 14. Additive manufacturing landscape.  
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Focusing on the most prominent words in the past five years, the pub-
lications on MMAM have been well focused on words such as micro-
electronics, printing, deposition, fabrication, multi-materials, 
electronics industry, 3D printing, energy, additives, functionally graded 
materials, additive manufacturing technology, grading and most 
recently, aerospace industry. It is not surprising that the aerospace 

industry is trending as one of the major areas of research focus regarding 
applications of multi-materials. The aviation industry is a multi-billion 
industry, and since the AM process is currently mainly used for high- 
value engineering products, the aerospace industry is one of its main 
focuses [47,73]. Using AM systems to produce lightweight near-net 
structures monolithically has already had a tremendous payoff in the 

Fig. 15. Process comparison of conventional manufacturing processes versus MMAM process for electronic components.  

Fig. 16. Word growth.  
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Fig. 17. Trend topics.  

Fig. 18. Thematic map.  
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aerospace industry [73]. Bewlay et al. [74] reported that General Elec-
tric began to explore the benefit of manufacturing near-net structures as 
an alternative to the initial conventional gravity casting plus machining 
process to fabricate low-pressure turbine blade that powers Boeing 787 
and 747–8 aircraft. It is recorded that the engines demonstrated a 50% 
reduction in noise, 80% reduction in NOx emissions and great propul-
sion efficiency of a 20% reduction in fuel consumption as compared with 
prior engines in its class. Northwest Airlines [63] also reported a payoff 
of $440,000 on fuel costs for international flights by incorporating 
additively manufactured parts in their aircraft. With all these unique 
benefits of using AM technology to produce near-net-shape for the 
aircraft industry, it is only prudent to go a step further to produce 
electronic components with multi-materials for specific industrial 
applications. 

3.12. Thematic analysis 

By displaying the progression of subjects through time, the thematic 
map provides insights into the patterns, trends, seasonality, and outliers 
of study topics. Thematic maps are presented in a more comprehensible 
way since themes are divided into four quadrants depending on their 
centrality (on the X-axis) and density (on the Y-axis). The level of con-
nectivity between topics is measured by centrality, which is significant 
in a certain domain [75]. Density, on the other hand, measures how far a 
cluster has progressed in terms of intra-cluster cohesion. As classified in 
Fig. 18, there are four main thematic classifications (Motor themes, 
basic themes, niche themes, and emerging themes). 

Motor themes are topics that are both able to influence the study 
field and are highly established [75]. The four themes (functionally 
graded materials, finite element method, electronic packaging and 
multi-materials) which have emerged as motor themes are pivotal to 
MMAM. It is almost impossible to discuss MMAM without mentioning 
these themes or referring to them. These themes have the capacity to 
influence MMAM research, as they have already done. These are the core 
established themes that MMAM research revolves around. Research on 
one of the themes has a direct impact on the other. For example, as the 
computational power of computers increases, leading to improvement in 
finite element methods has a direct impact on multi-material/functional 
graded materials research. Researchers are able to simulate the behav-
iour of functionally graded materials, thereby having a foreknowledge 
of the properties before manufacturing the real 3D objects. Such an 
approach reduces unnecessary try-and-error methods and laborious lab 
experiments [76,77]. 

Basic themes (multi-materials, 3d printing, fabrication) are cross- 
disciplinary themes. By the very nature of AM process, it is a multi- 
disciplinary technology that involves many fields of study, including 
optics, laser physics, heat and mass transfer, metallurgy, mechanics, 
mechanical engineering, materials science, and other fields of sciences 
as already discussed above. The basic themes cannot be researched 
without considering more than one field of study. This prompted the 
need for research collaborations between various experts to carry out 
comprehensive research on MMAM. As presented in Fig. 7 (Country 
collaboration map), there are many ongoing collaborations interna-
tionally to harness various ideas around the globe to achieve the 
manufacturing of MMAM. 

Niche topics refer to specialized topics among researchers or in-
stitutions. For example, based on the South African National Additive 
Manufacturing Roadmap, each institution has been equipped to build 
capacity in different yet complementary aspects of additive 
manufacturing [78,79,80]. Such a niche approach empowers each 
institution to be specifically strong in a particular area of the AM pro-
cess. The niche themes in the current studies are electronic structure, 
nanocomposites, and electrophoresis. There are experts who have 
specialized in these areas whose main focus is to develop their field of 
expertise and how they can integrate and work with others within the 
MMAM fraternity. 

Emerging themes are obsolete themes and themes that have the po-
tential for further development. The themes that have the potential for 
further development need urgent attention to move MMAM technology 
to the next level. The emerging themes in the current studies include 
interfaces, diffusion, microstructure, and mechanical properties. Powder 
metallurgy and moisture could be considered obsolete themes. Powder 
metallurgy technology has been in existence for more than a century 
[81]. Interfaces, diffusion, microstructure, and mechanical properties 
need to be vigorously investigated in relation to MMAM in order to 
understand the current challenges in the field and future trends. 

3.13. Current challenges and future studies 

Despite the remarkable success of using the AM systems to produce 
MMAM electronic components, there are still many outstanding chal-
lenges to be addressed, including weak interfacial bonding between 
different materials, diffusion at the interface boundaries, microstruc-
ture, and mechanical properties of the MMAM components, as eluci-
dated in the emerging themes (Fig. 18). It is important to overcome these 
barriers in order to push the technology boundary of MMAM. Han and 
Lee [14] reported that in addition to the technical breakthroughs of 
using multi-materials for manufacturing electronic components addi-
tively, there is a need for a fundamental scientific understanding of 
materials science, reaction kinetics, mechanics, and the thermophysical 
difference between the different selected materials in order to overcome 
the technological barriers for MMAM. According to the distribution of 
dissimilar materials [76], three main types of MM (metals, polymers, 
and ceramics) are used to produce electronic components additively. 
These materials have different interfaces (e.g., metal/metal, metal/-
ceramic, metal/glass, metal/polymer, polymer/polymer, polymer/-
metal, polymer/glass, polymer/ceramic, etc.); therefore, different 
technological barriers need to be overcome for each type of interface 
bonding issues [2]. The literature reveals that metal/metal interfaces [2] 
are the most common interfaces in the MMAM of electronics compo-
nents, probably due to the interfacial challenge of producing metal/-
ceramic, metal/glass, and metal/polymer multi-materials additively. 
The different atomic bonding that exists among these materials that are 
used to produce the multi-materials additively is the main challenge. 
Due to the different thermophysical properties (melting points, thermal 
absorptivity, specific heat capacity, thermal conductivity, density, co-
efficient of thermal expansion, phase transformation temperatures etc.) 
[81], of the various materials that are used to produce the 
multi-materials electronics components, weak interlayer and intralayer 
bounding issues such as delamination, porosity at the boundaries of the 
dissimilar materials, coating defects, interlayer and intralayer cracks has 
become the main focused of many researchers currently [12,68,82,83]. 
Most of the studies have focused on the various interlayer printing 
mechanism to overcome the weak bonding between the different ma-
terials. Wang et al. [84] adopted island scanning and inter-layer stagger 
scanning strategies in the interfacial layers for printing 316L/CuSn10 
bimetallic structures using a powder bed fusion AM system. The authors 
reported a good ultimate strength of 423.3 MPa. The result obtained by 
Wang et al. [84] is higher than the ultimate strength of 150–300 MPa 
reported for steel/copper multi-material structures produced via con-
ventional manufacturing methods [85,86]. The interlayer printing 
strategy was used by Wu et al. [87] to print CuSn10/4340 gear parts and 
report good interlayer bonding between the two materials. Koopmann 
et al. [88] investigated the interfacial strength between metal/ceramic 
structures using 1.2367 tool steel and ZrO2+Al2O3. An adhesion 
strength of 22 MPa was reported between the 1.2367 tool steel/-
ZrO2+Al2O3 structures. An investigation by Zhang et al. [89] between 
metal/glass multi-material structures results in a discrete interface 
without oxidation at the interlayer phase. There was a gradual transition 
from ductility at the metal side to brittleness at the glass side. 

The microstructure of dissimilar materials at the interface has a 
decisive effect on its interfacial mechanical properties [90,91]. If the 
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atomic bonds at the interface of the materials are the same as the met-
al/metal interface, a fusion region is generated at the interface of the 
materials with a composition gradient variation [92]. The microstruc-
ture features such as refined grains and composition gradient at the 
interfacial joints for metal/metal could improve the interfacial bonds 
between different metals [93,94]. For materials of different atomic 
bonds, such as metal/ceramic, metal/glass, and metal/polymer, their 
interface strength depends upon mechanical interlocking between the 
materials [95]. Chueh et al. [95] report on metal/polymer interface 
using PA11 (polyamide powder) and CuSn10. The authors noted that 
irregular interfaces between the two materials enhance the bonding 
strength through the mechanical interlocking structures. The melted 
PA11 penetrates the CuSn10 and attaches along the rough side surface of 
CuSn10 during the scanning process, enabling the PA11 to adhere 
strongly to CuSn10 via mechanical interlocking. 

Despite the seeming success achieved in producing MMAM compo-
nents, the issues of interfacial bounding, which have a direct effect on 
the microstructure hence the mechanical properties of MMAM parts, are 
still under vigorous research from academics and industry partitioners. 
Due to the different thermal properties (melting temperature, thermal 
expansion coefficient, thermal conductivity, etc.) between the various 
materials – during the AM process, an interfacial defect normally occurs 
at the interfacial regions making it difficult to produce porosity-free and 
crack-free interfaces with strong bonding. The difference in the ther-
mophysical properties of the different materials used for MMAM of 
electronic components could also result in unmelted powder particles at 
the fusion zones [96,97,98]. The presence of um-melted powder parti-
cles at the fusion zones would cause a weak interfacial bond and other 
defects such as porosities, delamination etc., which would affect the 
mechanical properties of the final MMAM electronic components. 
Although the current literature demonstrates that there has been great 
progress towards the improvement of MMAM of electronic components, 
issues of interfacial bond, microstructure, and mechanical properties as 
demonstrated by emerging themes are still not yet solved. There is a 
need for further research on these emerging themes in order to achieve 
the ultimate goal of MMAM electronic components with excellent me-
chanical properties. A suggestion in this regard is onward research on 
how non-destructive testing methods could be used to qualify the 
MMAM components for industrial applications. 

4. Conclusion 

A systematic review approach was adopted to analyze the growth 
and trends of MMAM research using Scopus and WoS data based. The 
study reveals that USA, China and Japan are among the top countries 
that focus on researching MMAM leading to considerable research out-
puts. The government of the top leading countries conducting research 
on MMAM spends a large portion of their GDP on R&D funding. The 
research trajectory of MMAM began to increase exponentially from 
2015, when most research units could procure AM systems as the price 
of AM systems began to decline. Prior to 2015, most of the research 
outputs focus on the simulation of the MMAM process. The research 
hype from 2015 has led to the great success in manufacturing multi- 
materials for electronic applications. The MMAM process has enabled 
the manufacturing of electronic components of miniaturized sizes, 
leading to great payoff in weight reduction, fuel consumption, noise 
reduction, emission of NOx and great propulsion efficiency, especially in 
the aerospace industry. Hybrid additive manufacturing has emerged as a 
possible solution to manufacture electronic components with multi- 
material. From the emerging themes, further research is required to 
break multi-material interfaces’ technological barriers to overcome 
inter/intra bonding defects. 
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