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Micro Electro Mechanical System (MEMS) energy harvester's research interests have been increasing rapidly,
indicating that the topic has given significant contributions to the sustainable development of energy alternatives.
Although many research activities have been conducted and reported since several years ago, only limited efforts
have been made to analyze the research's impact in this area. In this paper, we report a bibliometric analysis on
the research progress in MEMS for energy harvester. VOSviewer software is used to support the analyst that
includes the distributions of the publication journals, authors, affiliations and the highly cited papers reporting
the progress as well as the frequency of keywords and their relationships found in the search engine. The analysis
is mainly aimed to identify the research map based on publication reports. 1772 papers were initially identified
and summarized based on the analysis on three focused mainstream research topics in MEMS for alternative
energy, such as MEMS energy harvester, power harvesting and energy scavenging, other term analogies to MEMS
such as micromachines and microsystem were included in the analysis parameter. As a result, it is found that the
study on the MEMS energy harvester is mostly categorized in the engineering field, while China has been con-
ducting the most projects. The Journal MEMS and Journal of Micromechanics and Microengineering have been
the most journals publishing reports on MEMS energy harvester's research progress. Based on these analyses, some
potential issues in future MEMS energy harvester research have been identified, including the contributions of
new materials, the MEMS new structure's involvement, and the optimization of the vibration concepts and
principles of MEMS energy harvester. These analyses would give an overview on the progress of the development
and improvement in MEMS energy harvester and give a proper guideline for future MEMS research in the energy
field.
1. Introduction

In the last decade, the research interests in Micro Electro Mechanical
System (MEMS) devices in energy harvester have been increasing rapidly
and became one of the most exciting trends of the future MEMS sensor
application (Zhu et al., 2020). The topic of MEMS for energy harvester
has emerged to remarkably a new topic regarding the application and its
demand to provide alternative energy sources for the electrical power
delivery of various microdevices (Sun et al., 2018; Liu et al., 2018; Yunas
et al., 2020a). This trend resulted in a tremendous increasing number of
publications that are very useful for further developing the device.

Several research activities have been conducted and reported since
several years ago aimed to expose the progress of the development and
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improvement in MEMS energy harvester, especially for biomedical,
automotive and consumer electronics application (Hannan et al., 2014;
Naito and Uenishi, 2019; Gljuscic et al., 2019).

Some other studies had reported the research progress on MEMS
energy harvesting utilizing piezoelectric (Shi et al., 2016); electrostatic
(Oxaal et al., 2016) and multi-frequency mechanical vibration-based
electromagnetic energy conversion (Liu et al., 2013). Meanwhile, the
investigations on the functional material, such as polymer composites
applied to an electromagnetic actuator (Yunas et al., 2020b) and the
expansion of the MEMS energy harvester into the internet of things
system (IoT) (Duque et al., 2019; Iannacci, 2019) have enriched the
literature significantly in the field of MEMS energy harvester.
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However, limited efforts have been made to analyze the impact of
the research in this area. It also became hard to understand the
research progress on MEMS energy harvester topic, as the publications
over the last decade have been significantly increased, even though
there is no correct guideline of the directions. Therefore, to obtain
proper guidelines for the future development and research direction of
MEMS energy harvester, it is crucial to systematically inspect MEMS
energy harvester's research progress through literature analysis. One of
the effective methodologies to understand the research roadmap is the
review of the publication that highlights the current research and
development in a field of concern and provides some direction for
future study. It also can guide the other scholar to avoid repetition or
research duplication (Rahman et al., 2020; Zhang and Yuan, 2019;
Zhao et al., 2019).

Despite some critical reviews onMEMS have given clear overviews on
the progress of energy harvester research (Bathrinarayanan and
Tamizhchelvan, 2014; Hu and Liu., 2015; Avila-Robinson and Miyazaki.,
2013), bibliometric analytics literature is still powerful and useful for a
more systematic approach resulting in-depth analysis on the research
progresses (Gopalakrishnan et al., 2015; Elango et al., 2013). Biblio-
metric is a research method for conducting quantitative analysis of a
document in a specific research field (Du et al., 2014; Ran, 2005; Mao
et al., 2015). The analysis refers to evaluating bibliographic scientific
research publications data following quantitative and qualitative statis-
tical methods. The analysis including bibliographic mapping, profiling of
publications, clustering, and visualizing the published works (De Bakker
et al., 2005). Moreover, this analysis proffers a useful indication to the
expert for exploring dominant interrelationship in the specific literature
(Fellnhofer, 2019) and the impact of topics, journals, researchers,
countries, and institutions (Krauskopf, 2018). It can help researchers
predict future research trends (Zhou et al., 2007).

Bibliometric applies statistical and mathematical methods to inves-
tigate several characteristics of documents such as co-relationship,
distributed architecture, and diverging schemes (Dong et al., 2014).
The Bibliometric analysis can also evaluate various aspects of a unique
research topic (Keiser and Utzinger, 2005) Bibliometric have been used
to analyze the climate change vulnerability (Wang et al., 2014), research
on haze (Li et al., 2017), research on Covid-19 (Hamidah et al., 2020),
and research on low carbon education (Hudha et al., 2020).

No study analyzes the MEMS energy harvester research activity based
on bibliometric metrics information to the prime of our knowledge.
Therefore, it is crucial to explore MEMS energy harvester's research by
identifying and summarizing MEMS energy harvester's entire contexts
from the last ten years. The current study of MEMS energy harvester
literature using bibliometric analytical techniques will help evaluate
MEMS energy harvester research's impact. Furthermore, based on the
published paper's analysis about MEMS energy harvester papers, the
potential directions and trends are predicted.
Table 1. Step of bibliometric analysis.
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Co

4. Research topic interpretation Qualitative interpretation The
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2. Research methodology

2.1. Literature screening

A holistic study summarizes the research output from 2009 to 2020 in
MEMS energy harvester published in Scopus. The entire paper screening
process comprises three steps. Firstly, all articles about MEMS energy
published in Scopus is collected as initial input, which is based on the
title, abstract and keywords of any terms related to MEMS (such as
microelectromechanical systems or micromachines or microsystem
technology) and any terms related to energy harvester (such as power
harvesting or energy scavenging). The time frame of the publication is
limited from 2009 to 2020. Secondly, 1772 papers were initially iden-
tified covering various fields such as physics and astronomy, engineering,
computer science, material science, mathematics, and energy. Thirdly,
several categories, such as journal articles, conference papers, books,
reviews, and other publication types for discussion and further analysis,
are distinguished by the initially identified papers.

2.2. The analysis tool: VOSviewer software

VOSviewer software is commonly used to visualize and analyze a
bibliometric network developed by Van and Waltman (2010). The
VOSviewer had been used in analyzing the bibliographic map on the
energy performance (Zhang and Yuan, 2019), reviewing the biblio-
graphic data of building control (Park and Nagy, 2018), and analyzing
citation-based clustering in the field of astronomy and astrophysics (Van
and Waltman, 2017). This study uses this software to make several
visualization maps, including keyword co-occurrence, co-authorship,
citation, and co-citation map based on bibliographic data.

Every circle in the VOSviewer visual map shows a term. The circle and
text size show the term activity. The large circle and text indicate the
terms that are preferred in a field. The distance between the two terms
indicates the level of relationship between them. For this instance, if the
distance between two terms is small, the relationship between themmore
robust.

A systematic mapping study (SMS) approach proposed by Fellnhofer
(2019) had been adopted in this paper. Bibliometric coupling and direct
citation analyses are considered the most credible and precise technique
in mapping the study literature. Also, SMS is capable of clustering and
visualizing interconnected contributions and contributors' networks.

The articles from the Scopus database had been downloaded then
analyzed using VOSviewer and MS Excel. Remarkably, the bibliography
information had been overviewed then analyzed using MS Excel. The
clusters of the data were also formed by VOSviewer software (Paltrinieri
et al., 2019). The clusters' theme is identified by evaluating each pub-
lication's titles, abstracts, and keywords within the cluster. Table 1
highlights the analysis step in this study.
arks

espan: 2009 to 2020 with keywords/terms, title, abstract
icroelectromechanical systems or MEMS or micro-electro-mechanical
ems or micromachines or microsystem technology and energy harvester
ower harvesting or energy scavenging”). 1772 documents related to
MEMS energy harvester have appeared.
e of document: Journal article. 672 articles appeared for further analysis.

documents were automatically
tified for bibliometric coupling analysis.

criptive analysis of bibliometric information; Co-authorship of affiliations and country,
-occurrence keywords, Co-citation of cited references, and journals

authors reviewed the titles, abstracts, and keywords and analyzed of each research topic.



Figure 1. Top 5 research fields in MEMS energy harvester.
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3. Results, analysis and discussion

3.1. Classification by main research fields

Based on the collected papers' classifications, 672 papers appeared
when MEMS energy harvester, micromachine energy harvester, and
microsystem energy harvester were typed distributed in various fields
engineering, physics, and astronomy, material science, computer science,
and energy. In this phase, the paper classification screening is carried out
by title, abstract, and keywords.

Nevertheless, it is difficult to investigate a paper in a particular field,
because a paper contains interdisciplinary issues in the MEMS energy
harvesting topic. For example, the main topic is related to engineering,
but physics and materials science is also important to be analyzed (Lu
et al., 2018a, 2018b). Thus, the paper is classified into engineering,
material science, and physics fields. According to this rule, the top 5
fields in MEMS energy harvester research from 2009 to 2020 were
identified in Figure 1. It is shown that the research was covering various
areas such as engineering, material science, physics and astronomy,
Figure 2. The visualization of a network between
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computer science, and energy. Therefore, it is shown that the three areas
of most publications including engineering with 543 papers (80.8% of
the total screened papers) followed by material science and physics and
astronomy field.

It is also clear that materials and physics showmore publications than
those of energy, which shows that basic science still dominates this
research activity. Meanwhile, it is worthy to note that MEMS energy
harvester research is remarkably interdisciplinary, which is shown by
many papers is related to more than one area.

3.2. Countries researching in MEMS energy harvester

Since the MEMS component of electronic devices become smaller and
compact, the energy source to operate the MEMS device also becomes a
global concern. Therefore, it is essential to analyze the papers published
in various countries related to energy harvesting device research.
Figure 2 shows the distribution of countries where the research in MEMS
energy harvester is conducted. China is the country most active in con-
ducting MEMS energy harvesting studies over the past decade. Chinese
researchers contributed 145 papers, or 21.6% of the total papers
analyzed. It is reasonable because the demand for MEMS devices in China
has grown fast in the last decade; thus, it is directly related to MEMS
energy harvester needs (Chunbo, 2018; Lien and Shen., 2014). Mean-
while, US researchers contributed 112 papers with a percentage of
16.7%. Moreover, the European region contributed 205 papers over the
last decade. The synergy between countries across Europe in MEMS en-
ergy harvester is based on lines-connection, as shown in Figure 2.

3.3. Main journal publishing MEMS energy harvester research

As previously noted, the MEMS energy harvester topic can be linked
to interdisciplinary fields and papers published in several journals. The
journal publishing MEMS energy harvester was analyzed based on the
number of publications in specific journals. Figure 3 shows that the top
10 most published journals in MEMS energy harvester research are the
Journal of Microelectromechanical System and Journal of Micro-
mechanics and Microengineering, with a total of 54 and 50 articles,
respectively. Meanwhile, the other journals which contributing to MEMS
energy harvester research include Microsystem Technologies (37 pa-
pers), Sensors and Actuators: A Physical (33 papers), Smart Materials and
Structures (26 papers), Micromachines (18 papers), IEEE Sensors Journal
(14 papers), Applied Physics Letters (12 papers), Journal of Intelligent
Material System and Structure (12) and Nano Energy (11 papers).
countries in MEMS energy harvester research.



Figure 3. Top 10 journals publishing of MEMS energy harvester research.
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3.4. Analysis of main author contributions

A review of the scholars authoring the 672 MEMS energy harvester
papers was used to identify the most productive authors, including their
co-author networks' connections. For this analysis, five papers are the
minimum number published by an author. Overall, 35 authors met this
criterion. Of the 35 authors, Basset, P. is the most productive author with
eleven MEMS energy harvesting papers., followed by Galayko, D., who
contributed ten papers.
Figure 4. Network mapping of

4

In general, the research group who contributed to the MEMS energy
harvester can be divided into ten groups as shown in Figure 4. A pro-
ductive author replaced each group's name, for example, the Zhang, Liu,
Wen, and Tang groups. Figure 3 shows that the most productive research
group is the Zhang, Y. group, including authors Zhang, Y., Wang, H., and
Zhang, I. It is also shown the co-author network of Zhang, Y., Liu, H.,
Tang, I., and Wen, Z is connected. It is indicating that there is a collab-
oration with each other. On the other hand, the cluster of Basset, P.,
Toshiyoshi, H., Fujita, T., Jia, Y., Halvorsen, E., and Lakshmi, P is stand-
highly productive authors.



Table 2. Top 10 Main affiliations in MEMS energy harvester research (2009–2020).

No Author Affiliation Number of Papers

1 Ministry of Education China 27

2 National University of Singapore 21

3 University of Tokyo 18

4 Chongqing University 17

5 Chinese Academy of Sciences 14

6 Shanghai Jiao Tong University 14

7 Nanyang Technological University 13

8 University of Cambridge 13

9 Sorbonne University 12

10 National University of Ireland 12
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alone, which means their cluster researched without agreement or link-
age between the others.

3.5. Main affiliation in MEMS energy harvester research

From Table 2, we can see the top 10 institutions that have published
themost MEMS energy harvester studies, includingMinistry of Education
China (27 papers), National University of Singapore (21 papers), Uni-
versity of Tokyo (18 papers), Chongqing University (17 papers), Chinese
Academy of Sciences (14), Shanghai Jiao Tong University (14 papers),
Nanyang Technological University (13 papers), University of Cambridge
(13 papers), Sorbonne University (12 papers), and National University of
Ireland (12 papers). Overall, the mainstream affiliations publishing
MEMS energy harvester research are from Asia, with China lead the
contribution.

3.6. Highly cited papers in MEMS energy harvester research

Table 3 summarizes the top ten most highly cited papers in MEMS
energy harvester during 11 years based on TC (total citations) and AC/Y
Table 3. The top ten highly cited MEMS energy harvester papers from 2009 to 2020

No Title of the Paper Researchers

1 Improved energy harvesting
from wideband vibrations by
nonlinear piezoelectric converters

Ferrari, M., Ferrari.,
V, Guizzetti., M, And�o.,
B, Baglio., S, Trigona., C

2 Piezoelectric MEMS energy harvester for
low-frequency vibrations with wideband
operation range and steadily increased output
power

Liu, H.,Tay, C.J.,
Quan, C.,
Kobayashi, T.,Lee, C.

3 Ultra-wide bandwidth
piezoelectric energy harvesting

Hajati, A., Kim, S.-G.

4 Equivalent circuit modeling of
piezoelectric energy harvesters

Yang, Y., Tang, L.

5 A batch-fabricated and electret-free
silicon electrostatic vibration energy harvester

Basset, P., Galayko,
D., Paracha, A.M., Marty,
F., Dudka, A., Bourouina, T.

6 Investigation of a MEMS piezoelectric energy
harvester
system with a frequency-widened-bandwidth
mechanism
introduced by mechanical stoppers

Liu, H., Lee, C., Kobayashi,
T.,Tay, C.J., Quan, C.

7 Design, fabrication, and characterization of CMOS
MEMS-Based thermoelectric power generators

Xie, J., Lee, C., Feng, H.

8 Micro electrostatic energy harvester with
both broad bandwidth and high
normalized power density

Zhang, Y., Wang, T.,
Luo, A., Hu,
Y., Li, X., Wang, F.

9 Acoustic energy harvesting using resonant cavity of
a sonic crystal

Wu, L.-Y., Chen,
L.-W., Liu, C.-M.

10 A micro electromagnetic low level vibration energy
harvester based on MEMS technology

Wang, P., Tanaka, K., Sugiyama, S.,D
Liu, J

5

(average annual citation per year) parameter. Figure 4 shows that cluster
Zhang, Y., cluster Liu, H., and cluster Basset, P., have led a series of
studies in MEMS energy harvester (5 out of 10 selected articles). In
addition, the most highly AC/Y were from Zhang's paper entitled “Micro
electrostatic energy harvester with both broad bandwidth and high
normalized power density”. It was found in this paper that the essential
concept of MEMS energy harvester should be used in several broadband
bandwidths. Meanwhile, the most highly cited paper was Ferrari's paper
entitled “Improved energy harvesting from wideband vibrations by
nonlinear piezoelectric converters”, published in Sensors and Actuators,
A: Physical in 2010, with 350 total citations and annual citations of 35.
This study reported the improvement of the piezoelectric energy har-
vesting device.
3.7. Keywords analysis

To highlight the paper's central focus and make it easier for the
readers to map, the keywords are essential needed (Jin et al., 2019). The
sample keywords are explored and analyzed using VOSviewer software
to show the high frequency of keywords and their relationships. The
.

Journals Year TC AC/Y

Sensors and
Actuators, A: Physical

2010 350 35

Journal of Microelectromechanical Systems 2011 250 27.8

Applied Physics Letters 2011 197 21.9

Journal of Intelligent Material Systems and
Structures

2009 183 16.6

Journal of Micromechanics and Microengineering 2009 168 15.3

Smart Materials and Structures 2012 161 20.1

Journal of
Microelectromechanical Systems

2010 156 15.6

Applied Energy 2018 140 70

Applied Physics Letters 2009 133 12.1

ai, X., Zhao, X., Microsystem Technologies 2009 131 11.9



Figure 5. High-frequency keywords network visualization map.
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minimum number of keywords was set to 5 and 25 of the keywords
appear in Figure 5.

The word “Energy Harvesting” was the most mentioned keyword in
conjunction with “electrostatics” “damping”. Besides, “piezoelectricity,
piezoelectric devices, natural frequencies, sensor nodes” were also
frequently mentioned in the MEMS energy harvester literature. The re-
sults also show certain key topics attracting huge attention related to
different dimensions, such as materials and actuator concepts (i,e.,
piezoelectric, electrostatic, electromagnetic), method (i.e., finite element
analysis, nonlinear). The interrelationship among those keywords is also
helpful for understanding MEMS energy harvester subjects over the last
11 years.

It is worth understanding the evolutionary process of high-frequency
keywords in MEMS energy harvester research in the past decade. Thus,
the researchers will be more comfortable identifying the main research
trends. Figure 6 shows the keywords trends in MEMS energy harvester
research in the past decade. The circle's colour indicates the occurred
time slot clarity, with darker circlers exhibits earlier highlighted key-
words. The two blue dot arrows show the high-frequency keywords shift
in the last 11 years. For instance, the colour of the piezoelectricity circle
is light green. Following the colour references in the bottom right corner
of the figure, we can see that those highlighted keywords happened in
about 2014. In general, it is indicated that the researcher pays more
attention to these topics at that time. Furthermore, the keywords that
may appear in the future related to MEMS energy harvester topics are the
internet of things and III-V semiconductors.
6

3.8. Future research in MEMS energy harvesting

At present, most of the MEMS energy harvester is based on piezo-
electric materials (Tian et al., 2018) such as single piezoelectric crystals
(Li et al., 2014) and piezoelectric ceramics (polycrystalline), and poly-
vinylidene fluoride (PVDF) (Song et al., 2017). Moreover, through spe-
cial processing, including nanotubes, nanowires, nanoparticles, and
materials such as magnetics and ceramics (Shi et al., 2017), some organic
nanostructures are also found to contribute to the development of MEMS
energy devices.

Analysis on VOSViewer confirmed these statements and based on the
several mapping analysis above; there are several potential directions in
future MEMS energy harvester research identified. The typical MEMS
energy harvester is based on piezoelectric, electrostatic and electro-
magnetic energy conversion mechanisms, while and the ceramics
piezoelectric material contributes to the rapid development of the energy
harvester device. Therefore, the other piezoelectric materials energy
harvester's variation and investigations are interesting to investigate
deeply more. The cantilever beam is a common structure for maximizing
the MEMS energy harvesters output power. Meanwhile, the resonant
frequency needs to be adjusted to match the excitation energy. Therefore,
the shape and structure of the cantilever beam and the method to
broaden the frequency bandwidth of the MEMS energy harvester need
more study. The other MEMS energy harvester method, such as electro-
magnetic and electrostatic, can be the alternative principle since the
piezoelectric materials are more investigated simultaneously. Finally, the
vibrational energy capture implementing magnetic, ceramics, and



Figure 6. High-frequency keywords overlay visualization map.
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polymers have been revealed as the potential method and materials
playing an essential role for the next energy conversion.

4. Conclusions

In this paper, an analysis of MEMS energy harvester research's impact
over the past decade aims to provide a guideline for future MEMS
research in the energy field. VOSviewer software has been used to
visualize and analyze the bibliometric networks compiled from the initial
source data that appeared in various Scopus publications. Based on the
analysis on 672 papers MEMS energy harvester research published from
2009 to 2020, the bibliometric analysis showed that the journals pub-
lishing research reports on MEMS energy harvester mainly cover the
engineering field, materials and physics science and mostly published in
high impact journal, such as JMEMS and Journal of Micromech. and
Microeng. The authors and affiliations from China, the USA and Europe
are the main contributors to MEMS energy harvester research in which
the highest total citation of 350 since 2010 was revealed. An analysis of
the research topic interprets that the keywords such as MEMS, micro-
machines, microsystem, energy harvester, power harvesting and energy
scavenging have long been focused on by MEMS for energy harvester.
The evolution, trends and future direction based on review and the
overlay visualization map of keywords give a useful guide to future
MEMS energy harvester research.
7

Declarations

Author contribution statement

All authors listed have significantly contributed to the development
and the writing of this article.

Funding statement

Kementerian Riset dan Teknologi/Badan Riset dan Inovasi Nasional
Republik Indonesia through the Penelitian Terapan Grant 2020-2022
(473/UN40.D/PT/2020).

Data availability statement

Data included in article/supp. material/referenced in article.

Declaration of interests statement

The authors declare no conflict of interest.

Additional information

No additional information is available for this paper.



I. Hamidah et al. Heliyon 7 (2021) e06406
References

�Avila-Robinson, A., Miyazaki, K., 2013. Dynamics of scientific knowledge bases as proxies
for discerning technological emergence - the case of MEMS/NEMS technologies.
Technol. Forecast. Soc. Change 80, 1071–1084.

Bathrinarayanan, A.L., Tamizhchelvan, M., 2014. Indian research output on MEMS
literature using scopus database: a scientomeric study. J. Theor. Appl. Inf. Technol.
67, 90–95.

Chunbo, W., 2018. Determination of emerging technology commercialization: evidence
from MEMS technology. In: Thesis in Doctor of Philosophy. University Institute of
Lisbon.

De Bakker, F.G.A., Groenewegen, P., Den Hond, F., 2005. A bibliometric analysis of 30
years of research and theory on corporate social responsibility and corporate social
performance. Bus. Soc. 44, 283–317.

Dong, J., Chi, Y., Zou, D., Fu, C., Huang, Q., Ni, M., 2014. Energy-environment- economy
assessment of waste management systems from a life cycle perspective: model
development and case study. Appl. Energy 114, 400–408.

Du, H., Li, N., Brown, M.A., Peng, Y., Shuai, Y., 2014. A bibliographic analysis of recent
solar energy literatures: the expansion and evolution of a research field. Renew.
Energy 66, 696–706.

Duque, M., Salguero, E.L., Sacristan, J., Esteve, J., Murillo, G., 2019. Optimization of a
piezoelectric energy harvester and design of a charge pump converter for CMOS-
MEMS monolithic integration. Sensors 19, 1–14.

Elango, B., Rajendran, P., Bornmann, L., 2013. Global nanotribology research output
(1996-2010): a scientometric analysis. PloS One 8, e81094.

Fellnhofer, K., 2019. Toward a taxonomy of entrepreneurship education research
literature: a bibliometric mapping and visualization. Educ. Res. Rev. 27, 28–55.

Gljuscic, P., Zelenika, S., Blazevic, D., Kamenar, E., 2019. Kinetic energy harvesting for
wearable medical sensors. Sensors 19, 1–24.

Gopalakrishnan, S., Gopalakrishnan, S., Bathrinarayanan, A.L., Tamizhchelvan, M., 2015.
Uncited publications in MEMS literature: a bibliometric study. DESIDOC J. Lib. Info.
Tech. 35, 113–123.

Hamidah, I., Sriyono, S., Hudha, M.N., 2020. A bibliometric analysis on covid-19 using
VOSviewer. Indo. J. Sci. Tech. 592, 34–41.

Hannan, M.A., Mutashar, S., Samad, S.A., Hussain, A., 2014. Energy harvesting for the
implantable biomedical devices: issues and challenges. Biomed. Eng. Online 13,
1–23.

Hu, G., Liu, W., 2015. Nano/micro-electro mechanical systems: a patent view.
J. Nanoparticle Res. 17, 465.

Hudha, M.N., Hamidah, I., Permanasari, A., Abdullah, A.G., Rachman, I., Matsumoto, T.,
2020. Low carbon education: a review and bibliometric analysis. Eur. J. Educ. Res. 9
(1), 319–329.

Iannacci, J., 2019. Microsystem based energy harvesting (EH-MEMS): powering
pervasivity of the internet of things (IoT) – a review with focus on mechanical
vibrations. J. King Saud Univ. Sci. 31, 66–74.

Jin, R.Y., Yuan, H.P., Chen, Q., 2019. Science mapping approach to assisting the review of
construction and demolition waste management research published between
2009–2018. Resour. Conserv. Recycl. 140, 175–188.

Keiser, J., Utzinger, J., 2005. Trends in the core literature on tropical medicine: a
bibliometric analysis from 1952–2002. Scientometrics 62, 351–365.

Krauskopf, E., 2018. A bibiliometric analysis of the journal of infection and public health:
2008–2016. J. Infect. Public Health 11, 224–229.

Li, C., Wu, K., Wu, J., 2017. A bibliometric analysis of research on haze during 2000-
2016. Environ. Sci. Pollut. Control Ser. 25, 1–10.

Li, H., Tian, C., Deng, Z.D., 2014. Energy harvesting from low frequency applications
using piezoelectric materials. Appl. Phys. Rev. 1, 041301.

Lien, J., Shen, S., 2014. China Promoting Development of MEMS Industry. Retrieve from.
https://stg7.semi.org/en/china-promoting-development-mems-industry. (Accessed 4
August 2020).

Liu, H., Qian, Y., Lee, C., 2013. A multi-frequency vibration-based MEMS electromagnetic
energy harvesting device. Sens. Actuators, A 204, 37–43.
8

Liu, H., Zhong, J., Lee, C., Lee, S.W., Lin, L., 2018. A comprehensive review on
piezoelectric energy harvesting technology: materials, mechanism, and applications.
Appl. Phys. Rev. 5, 041306.

Lu, Y., Juillard, J., Cottone, F., Galayko, D., Basset, P., 2018. An impact-coupled MEMS
electrostatic kinetic energy harvester and its predictive model taking nonlinear air
damping effect into account. J. Microelectromech. Syst. 27, 1041–1053.

Lu, Y., Marty, F., Galayko, D., Laheurte, J.M., Basset, P., 2018. A power supply module for
autonomous portable electronics: ultralow-frequencies MEMS electrostatic kinetic
energy harvester with a comb structure reducing air. Microsyst. Nanoeng. 4, 1–13.

Mao, G.Z., Zou, H.Y., Chen, G.Y., Du, H.B., Zuo, J., 2015. Past, current and future of
biomass energy research: a bibliometric analysis. Renewable and Sustainable. Energy
Rev. 52, 1823–1833.

Naito, Y., Uenishi, K., 2019. Electrostatic MEMS vibration energy harvesters inside of tire
treads. Sensors 19, 1–9.

Oxaal, J., Hella, M., Tasciuc, D.A.B., 2016. Electrostatic MEMS vibration energy harvester
for HVAC applications with impact-based frequency up-conversion. J. Micromech.
Microeng. 26, 124012.

Paltrinieri, A., Hassan, M.K., Bhaoo, S., Khan, A., 2019. A bibliometric review of sukuk
literature. In: International Review of Economics and Finance. In Press.

Park, J.Y., Nagy, Z., 2018. Comprehensive analysis of the relationship between thermal
comfort and building control research—a data-driven literature review. Renew.
Sustain. Energy Rev. 82, 2663–2679.

Rahman, M., Isa, C.R., Tu, T.T., Sarker, M., Masud, M.A.K., 2020. A bibliometric analysis
of socially responsible investment sukuk literature. Asian J. Sustain. Social Respons.
5, 1–19.

Ran, A.F.J., 2005. For your citations only? Hot topics in bibliometric analysis. Measure.
Interdis. Res. Perspect. 3, 50–62.

Shi, J., Tian, W., Liu, X., Fan, H., 2017. Electric-field induced phase transition and fatigue
behaviors of (Bi0.5þx/2Na0.5-x/2)0.94Ba0.06Ti1-xFexO3 ferroelecrics. J. Am. Ceram. Soc.
100, 1080–1090.

Shi, Q., Wang, T., Lee, C., 2016. MEMS based broadband piezoelectric ultrasonic energy
harvester (PUEH) for enabling self-powered implantable biomedical devices. Sci.
Rep. 6, 1–10.

Song, J., Zhao, G., Li, B., Wang, J., 2017. Design optimization of PVDF-based piezoelectric
energy harvesters. Heliyon 3, e00377.

Sun, H., Yin, M., Wei, W., Li, J., Wang, H., Jin, X., 2018. MEMS based energy harvesting
for the internet of things: a survey. Microsyst. Technol. 24, 2853–2869.

Tian, W., Ling, Z., Yu, B., Shi, J., 2018. A review of MEMS-scale piezoelectric energy
harvester. Appl. Sci. 8, 1–20.

Van, E.N.J., Waltman, L., 2010. Software survey: VOSviewer, a computer program for
bibliometric mapping. Scientometrics 84, 523–538.

Van, E.N.J., Waltman, L., 2017. Citation-based clustering of publications using
CitNetExplorer and VOSviewer. Scientometrics 111, 1053–1070.

Wang, B., Pan, S.Y., Ke, R.Y., Wang, K., Wei, Y.M., 2014. An overview of climate change
vulnerability: a bibliometric analysis based on Web of Science database. Nat. Hazards
75, 1–18.

Yunas, J., Indah, N., Hanifah, H.M., Hamidah, I., Ramadhan, D.F., Mustagisin, I., Bais, B.,
Hamzah, A.A., 2020. Mechanical characterization of MEMS vibration membrane with
planar spring design for energy harvester. J. Eng. Sci. Technol. 15 (5), 3178–3188.

Yunas, J., Mulyanti, B., Hamidah, I., Said, M.M., Pawinanto, R.E., Ali, W.A.F.W.,
Subandi, A., Hamzah, A.A., Latif, R., Majlis, B.Y., 2020. Polymer-based MEMS
electromagnetic actuator for biomedical application: a review. Polymers 12, 1–21.

Zhang, W., Yuan, H., 2019. A bibiliometric analysis of energy performance contracting
research from 2008 to 2018. Sustainability 11, 3548.

Zhao, F., Du, F., Zhang, J., Xu, J., 2019. Trends in research related to keratoconus from
2009 to 2018: a bibliometric and knowledge mapping analysis. Cornea 38, 847–854.

Zhou, F., Guo, H.C., Ho, Y.S., Wu, C.Z., 2007. Scientometric analysis of geostatistics using
multivariate methods. Scientometrics 73, 265–279.

Zhu, J., Liu, X., Shi, Q., He, T., Sun, Z., Guo, X., Liu, W., Sulaiman, O., Dong, B., Lee, C.,
2020. Development trends and perspectives of future sensors and MEMS/NEMS.
Micromachines 11 (7), 1–30.

http://refhub.elsevier.com/S2405-8440(21)00511-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref1
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref2
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref3
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref3
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref3
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref4
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref5
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref6
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref7
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref8
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref9
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref9
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref9
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref10
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref11
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref11
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref11
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref11
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref12
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref13
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref14
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref14
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref15
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref15
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref15
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref15
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref16
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref17
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref18
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref19
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref20
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref21
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref21
https://stg7.semi.org/en/china-promoting-development-mems-industry
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref23
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref23
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref23
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref24
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref24
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref24
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref25
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref26
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref27
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref28
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref28
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref28
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref29
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref30
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref31
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref32
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref33
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref34
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref35
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref36
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref36
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref37
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref37
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref37
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref38
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref38
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref38
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref39
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref39
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref39
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref40
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref41
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref42
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref43
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref44
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref44
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref45
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref46
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref47
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref47
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref47
http://refhub.elsevier.com/S2405-8440(21)00511-9/sref47

	A bibliometric analysis of micro electro mechanical system energy harvester research
	1. Introduction
	2. Research methodology
	2.1. Literature screening
	2.2. The analysis tool: VOSviewer software

	3. Results, analysis and discussion
	3.1. Classification by main research fields
	3.2. Countries researching in MEMS energy harvester
	3.3. Main journal publishing MEMS energy harvester research
	3.4. Analysis of main author contributions
	3.5. Main affiliation in MEMS energy harvester research
	3.6. Highly cited papers in MEMS energy harvester research
	3.7. Keywords analysis
	3.8. Future research in MEMS energy harvesting

	4. Conclusions
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interests statement
	Additional information

	References


