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ARTICLE INFO ABSTRACT

Keywords: Needle-type sensor, characterized by its slender, elongated shape, is a promising sensing method
Needle-type sensor due to its rapid response, high sensitivity, and portability. Recently, the needle-type sensor
CiteSpace

technology has garnered increasing attention, leading to its accelerated development and
extensive use in medical and healthcare, environmental monitoring, and geosciences. However,
there remains a need for a comprehensive review of existing research. Here, we utilize sciento-
metric analysis, which is booming recently, to conduct a comprehensive investigation of the
needle-type sensor field. This analysis covers various aspects, including annual trends, journals,
institutions, countries, disciplines, authors, references, and keywords of 136,667 publications
from the Web of Science Core Collection (WoSCC) database spanning from January 1, 2004, to
January 1, 2024. Additionally, we identify current hotspots, frontiers, and predict future trends.
Eventually, three research hotspots are refined: multidisciplinary materials science, sensor
miniaturization and integration, and biomedical engineering, indicating that further in-
vestigations may focus on creating biocompatible materials to enhance sensing properties, opti-
mizing sensor structure through miniaturization and integration methods, and improving clinical
applications in biomedical engineering. This work may facilitate the development of needle-type
Sensors.

Scientometric
Knowledge graph
Biomedical engineering

1. Introduction

Needle-type sensor is a promising sensing method known for its high sensitivity, straightforward analytical procedures, rapid
detection speed, portability, and potential for on-site or in-situ detection [1]. This sensor, commonly characterized by its slender and
elongated shape, exhibits a pivotal role in monitoring and collecting data in diverse fields by providing precise and real-time mea-
surements [2,3]. The needle-type sensors’ ability to sense various parameters such as temperature [4], pressure [5], and biochemical
changes [6] accurately in a localized manner makes them indispensable in healthcare, where they are utilized in medical procedures
such as minimally invasive surgeries and continuous patient monitoring [4]. Moreover, needle-type sensors find applications ranging
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from heavy metals to gas monitoring, enabling precise measurements in challenging and constrained environments [7,8].

The needle-type sensors have witnessed remarkable advancements in recent years, driven by innovations in materials, fabrication
techniques, and sensing mechanisms. Therefore, within the continually expanding landscape of scientific research, it is crucial to
understand the dynamics of knowledge dissemination, collaboration patterns, and the impact of scholarly work. This is why scien-
tometric analysis emerges as a powerful tool, offering insights into the intricate web of scientific communication by analyzing pub-
lications and their contained information [9]. It holds immense significance in contemporary academia and research management by
identifying emerging trends and performing the evaluation of research status, thereby aiding researchers in understanding the current
frontiers of the field and making informed research decisions [10]. While scientometric analyses have been conducted on various
sensors, including electrochemical sensors, electrochemiluminescence sensing, and sensor-based rehabilitation [2,11,12], a similar
study on needle-type sensors is yet to be done.

CiteSpace, a Java-based scientometric software invented by Prof. Chaomei Chen, stands as one of the most popular software in the
field of information visualization and knowledge mapping [13]. It provides a systematic approach to analyze and visualize the evo-
lution and impact of scientific research, aiding researchers in gaining valuable insights into their respective fields [14].

In this study, we investigate the historical evolution, current status, and the latest trends in-depth by manually analyzing the
knowledge graph generated by CiteSpace software. The analysis covers annual trends, journals, institutions, countries, disciplines,
authors, references, and keywords of the included publications. Through this study, we will furnish a comprehensive overview of the
preceding research and identify potential directions in the field of needle-type sensors, as well as underscore the significance of needle-
type sensors in advancing scientific development and facilitating technological innovation.

A scientometric analysis of needle-type sensor technology
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Fig. 1. Flow chart of the scientometric analysis in this paper.
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2. Data sources and analysis methods
2.1. Data sources

We opt for the Web of Science Core Collection (WoSCC) database, which is widely acclaimed as the world’s largest and most
reliable database [11], to conduct our publication search. To ensure comprehensive data retrieval, the search formula “TS =
Needle-type sensor OR TS= Needle-type sensors OR TS= Sensing needle OR TS= Sensing needles OR TS= Probe sensor OR TS= Probe
sensors OR TS = Microneedle sensor OR TS = Microneedle sensors OR TS= Needle detecting OR TS= Needle detectings OR TS= Probe
detecting OR TS= Probe detectings” is employed and indexed in SCI-EXPANDED, SSCI, CCR-EXPANDED, and IC. The retrieved
publications span from January 1, 2004, to January 1, 2024, with no language restrictions.

2.2. Inclusion and exclusion criteria

We incorporate reviews and articles focusing on needle-type sensors, ensuring their accessibility. Nonetheless, the duplicate
publications and those with incomplete information are excluded from our analysis.

2.3. Study selection

Both authors (G. Yang and Y. Yang) screen all retrieved publications independently based on the inclusion and exclusion criteria.
Any disagreements are resolved through consensus or a third-party arbitrator (W. Xu).

2.4. Analysis method

The included publications are exported in RefWorks format and renamed as “download_XX.” Excel and the bibliometrix package in
R software [15-17] are used to calculate the number of journals and publications. Then, the data is imported into the CiteSpace
software with time slices set from 2004 to 2024, where each slice represents one year; the selection criteria is set to be “Top N = 20",
indicating the top 20 levels of most cited or frequent items per slice. Each level could comprise several qualified nodes. The Pathfinder
and Pruning sliced networks algorithms are used for optimal visual results in graph pruning, with other settings at default. Subse-
quently, the CiteSpace software is employed to analyze the annual trend, journals, disciplines, authors, institutions, countries, ref-
erences, and the keywords of the included publications. The knowledge graph generated by the software is refined to improve the
result presentation. Within the graph, node connections represent collaborations among research entities and node size correlates with
the frequency of their occurrences. Finally, all the graphs are exported in PDF format for subsequent analysis. The entire scientometric
research process is illustrated in Fig. 1.

3. Results

A total of 136667 publications are retrieved from the WoSCC database. After screening, 12698 publications meeting the criteria are
included in the study, consisting of 11700 articles and 476 reviews. All included publications are exported by January 1, 2024.

3.1. Annual trend

The annual publication trend can reflect the significance attributed to a specific subject [18]. Fig. 2 illustrates the publication and
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citation trends related to needle-type sensor research spanning the years from 2004 to 2024. The number of publications related to
needle-type sensors demonstrates a consistent rise, with a noticeable acceleration before 2021 but encounters a development
bottleneck in recent years. However, citations exhibit a substantial increase alongside the number of published papers before 2007,
and since then, there has been an extended period of decline.

Fig. 2 depicts the three-stage evolution of paper publication and citation trends. (1) The initial period (2004-2008): annually, fewer
than 250 papers are published, totaling under 1000. Despite this, citations significantly increase, peaking at 2123 in 2007, as these
publications are regarded as the foundation of the field. (2) The expansion period (2009-2019): during this period, the average number
of annual publications is more than 250, with a rapid growth rate. By 2019, the cumulative total surpasses 7000, marking needle-type
sensors’ rising scholarly interest. (3) Boom period (2020-2023): annually, publications notably surpass 1000, peaking in 2021 with
over 2000 articles. Concurrently, the total publications exceeded 10000, indicating a surge in research activity. According to the trend
line of the total number of publications (represented by the dotted line in Fig. 2a), it is expected that the annual number of publications
will still rise in the next few years. According to the trend line of the total number of citations (represented by the dotted line in Fig. 2b),
the frequency of citations has the willingness to increase in the next few years.

3.2. Journal

Within the total of 1790 journals publishing relevant studies, the top 10 journals with the highest number of needle-type sensors-
related publications are displayed in Fig. 3, which play a vital role in disseminating academic knowledge. These ten journals publish
20.633% of all the studies on needle-type sensors. The three highest-ranked journals from this selection are Sensors and Actuators B:
Chemical, Sensors, and [EEE Sensors Journal. These three journals yield 666, 404, and 327 publications on needle-type sensors, ac-
counting for 5.245%, 3.182%, and 2.575% of the total publications retrieved, respectively.

Table 1 displays the top 10 journals with most citations, which have a significant impact on the advancement of this field, rep-
resenting 53.95% of all citations in the dataset. Regarding the JCR divisions, 9 of these ten journals are classified in Q1 and 1 in Q2,
indicating the importance of needle-type sensors in the corresponding field. Among the journals in this field, Sensors and Actuators B:
Chemical holds the highest number of citations, with 666 publications being cited a total of 4971 times, averaging 7.46 citations per
publication. Analytical Chemistry comes next in rank (with 200 articles cited 4104 times, averaging 20.52 citations per publication),
followed by Journal of the American Chemical Society (with 39 articles cited 3678 times, averaging 94.3 citations per publication).

3.3. Country/region

The country/region co-occurrence network depicted in Fig. 4 demonstrates that 53 countries/regions have engaged in needle-type
sensor research. The top five countries with most publications are People’s Republic of China (4181 counts), the USA (1889 counts),
India (1225 counts), Japan (675 counts), and South Korea (650 counts). Evidently, the People’s Republic of China and the USA have
dominated the development of this field compared to other nations, signifying their heightened focus on needle-type sensing.

Centrality, which is defined by the count of shortest paths traversing a node in a network, illustrates the connecting role of nodes
directly and reflects its significance for promoting coordinated development between regions. The top 5 are England (0.3), USA (0.22),
Germany (0.19), France (0.19), and Japan (0.18), indicating their central role of international scientific research collaboration. In
addition, it is worth noting that England secures the first position for centrality, but ranks 7th for publications’ number, suggesting its
important role in cooperation and great potential for future development.

3.4. Institution
The analysis of institutional cooperation (Fig. 5) shows that a total of 292 institutions have conducted researches in the field of
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Table 1
Top 10 journals with most citations.
Rank  Journal Counts  Category Rank  Journal Counts  Category
(JCR) (JCR)
1 Sensors and Actuators B: Chemical 4971 Q1 6 Analytica Chimica Acta 2641 Q1
Analytical Chemistry 4104 Q1 7 Angewandte Chemie-international 2606 Q1
Edition
3 Journal of the American Chemical 3678 Q1 8 Chemical Reviews 2599 Q1
Society
4 Chemical Communications 2970 Q2 9 Science 2532 Q1
5 Biosensors & Bioelectronics 2918 Q1 10 Talanta 2532 Q1
BRAZIL

PORTUGAL INDIA
SAUDI ARABIA @

PAKISTAN FWE b

SOUTI-@(OREA I

- PEOPLES R CHINA

AUSTRALIA '

RA ; ¥ »G@YTAIWAN

¢ @l 3 SWITZERLAND
sl @

SPAIN- RUSSIA  TURKEY NETHERLANDS

EGYPT  SINGAPORE EN

1y S!
AUSTRIA

Fig. 4. Country co-occurrence network.

King Abdulaziz University @& . @

Council of Scientific & Indtistrial Research (CSIR) - @ia. ° o
King Saud University

\ ®
Indian Institute of} ihology (IIT) - Delhi

National Institute of Té€hnology (NIT Syster)
7

Y ® ey :
Centre National de la/R h} Stientifiqué (GNRs) F9YPtian Knowledge Bank (EKB)
Russian Academy of Sciences .
& &) ® Ecole Polytechniquefederale de Lausanne
India e of Te gy#sSystem (IIT System)

Dalian umver@pf Technology ®
Harbin Institute of Technology
Chifese o
Tianjin University e @ §onsiglio Nazional Jle Ricerche (CNR)

| . ©
Northeastern University - China = svs . ‘. - s@ademy ) S encey
University pf offfiia t ﬁ
Nanjin@ue.sity P ® o °® ilin University Univarsity@fism o onlo
= i
$ ° ° 5d States De| a@ of Ewrg‘DOE) Consejo Superior de |nvs@ciones Cientificas (CSIC)

University of Sti & T L ..

Wisé,Fedgral Institut@‘ol Technology Domain

Shanghai Jiagdieng University

4 ®
Tsinghu iversit) i i
University of Sciené8@ Technology of China U v University Qgigies System
‘ @nejiafig University <

Chongging University HHII!hD“%sDctauon

L @
Tohoku University Univergityof Tokyo

Fig. 5. Institution co-occurrence network.

needle-type sensors. Among them, the top 5 institutions with the highest number of publications are the Chinese Academy of Sciences
(477 counts), Indian Institute of Technology System (IIT System) (321 counts), Centre National de la Recherche Scientifique (CNRS)
(255 counts), University of California System (177 counts), and United States Department of Energy (DOE) (133 counts). The top 5
institutions with the highest centralities are CNRS (0.28), Chinese Academy of Sciences (0.22), United States Department of Energy
(DOE) (0.17), University of California System (0.15), and Indian Institute of Technology System (IIT System) (0.11).

By examining the connections between nodes, we can gain a clear and intuitive understanding of institutional collaboration. As
shown in Fig. 5, there are six institutions occupying a dominant position in inter-agency cooperation in this field: The Chinese Academy
of Sciences-represented, the IIT System, the CNRS, the University of California System, the University of Chinese Academy of Sciences,
and DOE. This indicates their significant scientific research capacity and academic influence in the field, which can be considered as a
potential research partner for other institutions.



G. Yang et al. Heliyon 10 (2024) 27399

3.5. Author

The results of the author co-occurrence analysis (Fig. 6) demonstrate that a total of 957 authors have contributed to the research.
According to the Price Law: N~0.749 xN&/Z Nmax is the publications of the top contributing author)[lg], since Gupta BDholds the
highest publication count (60 counts), we can get N ~ 5. Thus, there are 98 core authors with a cumulative total of 951 publications,
constituting 34.8% of the total publications. As the percentage is less than 50%, we can conclude that the formation of a core author
group has not yet transpired. Therefore, to foster the advancement of the field, greater collaborative endeavors should be embraced.

There are 4 obvious cooperative teams in Fig. 6. The Harun SW team leads in terms of publications, while the Zhang Yu team shares
the highest number of researchers. Harun SW’s team primarily researches fiber optic sensors for the identification of human me-
tabolites and biological signals such as uric acid, glucose, and electrocardiogram signals [20-22]. The team represented by Zhang Yu is
devoted to the development and improvement of optical fiber sensors [23-25]. Zhao Yong’s team’s current research interests appear to
center around developing innovative fiber optic sensors by utilizing unique materials and structures to enhance sensitivity, selectivity,
and other performance for various applications, including environmental monitoring and gas detection [26,27]. The team, led by Liu
Bin, focuses on the development of advanced sensing technologies, the study of triboelectric effects in various materials, and the
exploration of new applications for these technologies in industry and research [28].

Co-cited authors are those referenced authors who are concurrently cited by other works [29]. This serves as a straightforward
approach to identify authors with profound influence to the field. There are 235 authors with a total of 9765 citations. Table 2 presents
the top 10 authors by citation count, where Wang Y is at the forefront with 572 citations, followed by Wang J (568 citations), Zhang Y
(506 citations), Liu Y (500 citations), and Zhang J (427 citations), among others.

3.6. Discipline

Fig. 7 illustrates the disciplinary network of needle-type sensors. As depicted in the figure, needle-type sensors encompass a wide
range of fields, with “Chemistry, analytical” being the most prominently representative, as needle-type sensors is an important method
to detect and quantify specific chemical species. It is followed by “instrument & instrumentation” due to its inherent nature of needle-
type sensors as sense instruments. “Physics, applied”, and “Engineering, electrical & electronic” occupy the third and fourth position,
respectively. “Materials Science, Multidisciplinary” holds the fifth position due to its important role in improving sensor performance
and the exceptional sensing capabilities of the molecules with nano or micro scale. It is worth noting that all five categories make their
first appearance in 2004.

When we examine the subject centrality, “Materials Science, Multidisciplinary” exhibits the highest centrality (0.34), followed by
“Engineering, Mechanical” (0.32), and “Nanoscience & Nanotechnology” (0.25). This suggests that multidisciplinary material holds
promise for the future development of needle-type sensors and that the integration of disciplines and the development of new materials
are significant in this field.
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Table 2
Top 10 cited authors.
Rank Author Citations Rank Author Citations
1 Wang Y 572 6 Liy 391
2 Wang J 568 7 ZhaoY 391
3 Zhang Y 506 8 Liu J 356
4 Liuy 500 9 Zhang X 294
5 Zhang J 427 10 Wang L 286
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3.7. Keywords

3.7.1. Keywords co-occurrence

Keywords reflect the core concept of the publications, and keywords co-occurrence analysis could be employed to investigate the
emergence and dissemination of hotspots in a specific research area [30]. Fig. 8 shows the keywords co-occurrence network, consisting
of 318 nodes and 1112 links. Following the consolidation of synonyms, the top 5 keywords by frequency are: sensor (1957 counts),

w@r d@n° ) selectiv@ete'f_ti:‘m
. 2 [} \\ of

temperature . 2
nanoparticles™
» .

Pﬁ@es .V Cy

spectroscopy ‘

electrode o o~ et s
recognition bidsensor
chemosensoréx*“" chemosensor
- ° glucose
cells

* flaorescent probes
+ .electrochemical sensor

acid ®

Fig. 8. Keyword co-occurrence network.



G. Yang et al. Heliyon 10 (2024) 27399

probe (1219 counts), nanoparticles (768 counts), water (500 counts), and fluorescent probe (434 counts).

Reviewing the publications related to the high-frequency occurrence keywords, the following could be observed: (1) Manufacturing
of needle-type sensors for detection equipment is the current research focus, especially in the field of bioengineering, such as moni-
toring blood sugar [31], skin humidity [32], and disease markers [33]. (2) Needles are mostly coated with nanoparticles, which have a
high surface area enabling fast and reversible responses [34]. (3) Needle-type biosensors have attracted increasing attention, as it is the
most mentioned type of sensor (268 counts) in the analysis, indicating broad prospects for development.

3.7.2. Keywords cluster

The analysis of the keyword cluster is based on the log-likelihood rate (LLR) algorithm and results in 14 keyword clusters (Fig. 9a).
We judge the significance of the cluster by the Q value (modularity) and the S value (silhouette) [35]. The Q value is 0.8128 (greater
than 0.3), which means that the network is significant. Additionally, the S value is 0.9173 (greater than 0.7), affirming the high
reliability of clustering results.

By reviewing Fig. 9b, the clusters could be broadly divided into 3 categories: structure-related (#2 surface, #6 trivial and nontrivial
logic circuits, #7 charge density, #15 carbon nanotubes, #16 quantum dots); technology-related (#0 sensor, #1 electrochemical
sensor, #4 gas sensor, #8 microneedles, #9 chemosensors, #10 modal probe sensor, #14 multifunctional sensor); application-related
(#3 spectroscopy, #5 acid, #11 on off, #12 in vivo analysis, #13 copper detection, #17 dinotefuran).

3.7.3. Keywords burst

The term “keywords burst” signifies a substantial surge in keyword frequency over a period, indicating an increased focus on the
topic [36]. Fig. 10 displays the top 25 keywords with the strongest citation bursts. As keyword bursts represent research hotspots at
specific times, they can be divided into three distinct periods. From 2004 to 2011, the primary focus of researchers is on the structural
design. From 2012 to 2019, the focus shifts to in-vivo detection, with the concurrent use of fluorescent probes to boost sensor
sensitivity. From 2020 to 2024, colorimetric detection begins garnering interest among researchers for its cost-effectiveness,
simplicity, and efficiency, emerging as a recent hotspot [37]. The hotspots mentioned above will exhibit their profound influence
on future development.

3.8. Reference

We find a total of 1418 references with 4797 citations in the included publications. Table 3 shows the 10 most-cited references,
which are considered fundamental to the development of subsequent researches.

By summarizing the top 5 cited papers, we find that Hu ZC (2014) [38] emerges as the most frequently referenced (93 citations)
source. This work provides a comprehensive overview of metal-organic frameworks (MOFs), emphasizing their structural diversity,
tunability, and potential applications. Besides, it underlines the versatility of MOFs by introducing their applicability in areas such as
gas storage, separation, catalysis, and drug delivery. Yang YM (2013) [39] reviews the application of chemodosimeters in bioimaging.
These compounds emit light upon reacting with specific substances, rendering them valuable for visualizing and analyzing intricate
biological structures within living cells and organisms. Furthermore, the article elucidates the operational principles and fabrication
techniques of luminescent chemodosimeters, emphasizing their crucial role in the detection of heavy metal cations, which are
acknowledged as hazardous pollutants. Lustig WP (2017) [40] investigates deeper into a specific subclass of MOFs known as lumi-
nescent metal-organic frameworks (LMOFs). This paper extends the discussion on LMOFs by detailing their use in sensing applications.
It outlines the recent developments in this field since 2014, focusing on how LMOFs can be used to sense and detect environmental
pollutants, toxins, and other significant substances. The document underscores the importance of luminescence-based detection and
how various interactions within the MOF structure can lead to changes in emission spectra, useful for sensing applications. Carter KP
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Fig. 9. Keywords cluster network. The keywords are divided into 18 clusters of different colors according to the LLR algorithms (a), the timeline
and detailed information of each cluster (b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Keywords Year Strength Begin End 2004 - 2024

probes 2004  28.082004 2015

thin films 2004 15.67 2004 2009

complexes 2004 15.23 2004 2011

biosensors 2004  11.032004 2010

films 2005 25722005 2011 om———
calibration 2005  15.432005 2009 m————
gas sensor 2005 15.34 2005 2010 st —
derivatives 2008 18.41 2008 2012 e
chemodosimeter 2010 20.982010 2013 S ——
binding 2004  11.252011 2012

living cells 2009 51.792015 2018 S
fluorescent probe 2011 38.222016 2019 e
aqueous solution 2008 2232016 2018 —— . ——
fluorescent sensor 2013 25.532017 2018 e —
selective detection 2014 32.332018 2019 i —
sensitivity 2006 15322019 2020 e ——
adsorption 2006 32152020 2027
surface 2005 23.982020 2027  ee— —
performance 2015 23.032020 2022 ———
system 2004 15.63 2020 2021

electrode 2004  33.962021 2022

electrochemical sensor 2018 33.592022 2024 ME—
acid 2022 30.942022 2024 —
colorimetric detection 2022  29.48 2022 2024 p—
graphene oxide 2020  23.822022 2024 —t—

Fig. 10. Top 25 keywords with the strongest citation burst.

Table 3
Top 10 cited references.
Rank  Title First Journal Publication citations
author year
1 Luminescent metal-organic frameworks for chemical sensing and explosive Hu ZC Chemical Society 2014 93
detection [38] Reviews
2 Luminescent Chemodosimeters for Bioimaging [39] Yang YM Chemical Reviews 2013 61
3 Metal-organic frameworks: functional luminescent and photonic materials for Lustig WP Chemical Society 2017 55
sensing applications [40] Reviews
4 Fluorescent Sensors for Measuring Metal Ions in Living Systems [41] Carter KP Chemical Reviews 2014 53
5 Fluorescent and colorimetric sensors for detection of lead, cadmium, and mercury ~ Kim HN Chemical Society 2012 51
ions [42] Reviews
6 Sensors for the optical detection of cyanide ion [43] XuZ Chemical Society 2010 50
Reviews
7 Luminescent Functional Metal-Organic Frameworks [44] Cui YJ Chemical Reviews 2012 49
8 Lanthanide Organic Framework as a Regenerable Luminescent Probe for Fe3+ XuH Inorganic Chemistry 2015 44
[45]
9 Tools and tactics for the optical detection of mercuric ion [46] Nolan EM Chemical Reviews 2008 42
10 Metal-Organic Framework Materials as Chemical Sensors [47] Kreno LE Chemical Reviews 2012 41

(2014) [41] offers an exhaustive overview of fluorescent sensors’ application and evolution in detecting and quantifying metal ions
within biological systems. This study details the primary characteristics of metal ion fluorescent sensors, focusing on their photo-
physical attributes and signal modulation mechanisms. Additionally, it classifies sensors employed in live-cell imaging into molecular,
genetically encoded, and hybrid probes. The review highlights critical factors to consider when integrating sensors into biological
systems, including influences on intracellular sensor concentration, buffering, and localization. Building upon previous basic research,
Kim HN (2012) [42] focuses on the development of fluorescent and colorimetric sensors for selectively detecting metal ions and
classifying them into various categories based on their receptors, including small molecule-based sensors, calixarene-based chemo-
sensors, BODIPY-based chemosensors, polymer-based chemosensors, DNA functionalized sensing systems, protein-based sensing
systems, and nanoparticle-based sensing systems. The work highlights this field’s interdisciplinary approach, integrating chemistry,
biology, and materials science to address a crucial environmental challenge.

Deeper analysis of the highly cited papers revealed the following hotspots: (1) Optimize the design of needle-type sensors, including
choosing suitable conductive materials and reducing sensor size; (2) improve the performance of needle-type sensors, including ac-
curacy, efficiency, and minimally invasive measurement of biomarkers.
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4. Summary and prospects
4.1. Research status

Researches on needle-type sensor technologies have undergone a continuously increasing period before entering a boom period
with a large number of related publications emerging in recent years. As the most frequently cited journal, Sensors and Actuators B:
Chemical also publishes the majority of related papers. The People’s Republic of China is at the forefront of research with 4181
publications, while England occupies a central position due to its research influence. The Chinese Academy of Sciences is the foremost
publishing institution, with Gupta BD as the principal author. While,the most cited author is Wang Y and the most cited reference is
finished by Hu ZC (2014) [38], indicating their high impact in this field.

4.2. Research hotspots and frontiers

Through the keywords and references analysis, we identify the following three research hotspots, which are regarded as the po-
tential future trends in the needle-type sensors.

4.2.1. Biomedical engineering

Biomedical engineering (BME) is a youthful interdisciplinary field which blends the principles and methodologies from engi-
neering, biology, chemistry, physics, and computer science to devise innovative healthcare and medical science solutions [48]. With a
primary commitment to enhancing human health and well-being, these innovations find applications in diagnosing, treating, and
preventing diseases and eventually improving the overall quality of life for people worldwide [49].

The prominent team led by Harun SW has conducted comprehensive and pertinent research on biomedical engineering topics,
which has achieved the highest centrality ranking through discipline analysis. Additionally, reference analysis highlights biomedical
engineering as a recent hotspot, indicating a strong potential for future research orientation in the field of biomedical engineering.

In previous studies, needle-type sensors have been widely applied in many aspects of biomedical usage due to their sharp tips,
which facilitate cell/organ penetration by inducing highly localized stress [S0]. Naghavi AH et al. [51] have developed a biomedical
imaging system based on ultrawideband microwave radar, capable of detecting strokes within the human head by inserting a series of
body-matched microsensors. This method has enabled real-time visualization of bleeding areas during biopsies and increased the
likelihood of identifying clots within the head region. Furthermore, the innovative application of needle-type sensors in various
diagnostic and monitoring tasks has been seen. The microneedles (MNs), which are primarily used to facilitate transdermal drug
delivery and uptake of interstitial fluid in a minimally invasive manner to the skin [52,[53]], have the potential to revolutionize how
medications are administered and how bodily fluids are sampled for medical analysis, as these devices can create channels through the
stratum corneum and thus facilitate efficient drug delivery to the dermis. Therefore, driven by the significantly expanded application
in the field of BME, there exist a lot of electrochemical-based devices like glucometers, immunosensors, and devices for monitoring
carcinogenic chemicals, mutagenic chemicals, and endocrine-disrupting compounds [54]. In tissue engineering, biosensors have
become crucial tools for disease diagnosis benefiting from the tiny size of needle-type sensors. They are selective, sensitive, and rapid,
offering a more advanced alternative to traditional ELISA analytical technology and capitalizing on the ability to monitor micro
biophysiological signals in real-time and on-site by integrating biological, chemical, and physical technologies [55].

Moreover, there has been progress in needle-based electrical impedance spectroscopy. Liu, J et al. [56] have developed a system
that classifies different tissue types using impedance measurements taken with a modified needle. This technology is visualized
through a MATLAB Graphical User Interface based on the spatial sensitivity distribution of the needle, offering a new dimension in
tissue analysis. Besides, with the rapid development of surgical robotics, the sensor has also received the attention of researchers as one
of the important components. For example, Soudan M et al. [57] have developed a micro-force sensor that can provide haptic feedback
and quantify robotic surgery mechanics and dynamics for precise tissue stress measurement during surgery. Besides, needle-type
sensors are of great significance in promoting the scientific and quantitative research of acupuncture and moxibustion, which are
effective traditional Chinese medicine treatment methods, through offering real-time monitoring of in vivo physiological changes
during the acupuncture process [58].

However, despite the significant progress mentioned above, needle-type sensors face several challenges as well. For example, the
biocompatibility of materials employed in needle-type sensors is critical to prevent adverse reactions in biological settings, such as in
vivo devices. Furthermore, the still relatively large size of needle-like sensors compared to biological tissues, coupled with the lack of
flexibility, may make them potentially harmful to the human body [59]. The cost and scale of production limit the widespread
industrialization of MNs, which is another significant barrier to their adoption on a larger scale [60].

Therefore, optimizing the materials and the design of the needle-type sensors is of great significance to ensure their outstanding
properties (for example, minor damage, accurate measurement, and rapid response), which may lay the foundation for clinical ap-
plications in the field of bioengineering in the future.

4.2.2. Multidisciplinary materials science

Multidisciplinary materials science is a field that utilizes physics, chemistry, metallurgy, and other disciplines to examine the
properties and applications of materials [61]. Multidisciplinary materials science ranks the highest in centrality among all disciplines.
Furthermore, there is a total of 1603 obtained publications related to needle-type sensors for multidisciplinary materials science. All of
these demonstrate that multidisciplinary materials science is receiving increasing attention.

10



G. Yang et al. Heliyon 10 (2024) 27399

There are several popular choices for needle-type sensors including carbon fibers, platinum/iridium (Pt/Ir), tungsten, ZnO,
polymers, quartz, ceramics, and nanomaterials. Carbon fibers, known for their excellent electrical conductivity, biocompatibility, and
mechanical strength, are suitable for detecting low neurotransmitter concentrations like dopamine [62]. Pt/Ir electrodes are widely
used in neural and physiological monitoring due to their excellent corrosion resistance and stable electrochemical properties.
Furthermore, Pt/Ir electrodes’ integrity maintained over extended periods will facilitate their chronic implantation [63]. Tungsten
needles are known for their durability, mechanical strength, and good electrical conductivity, making them suitable for applications
requiring robust electrodes or for long-term sensing [64]. Additionally, as demonstrated in the studies conducted by T. Gao and T.
Wang, the ZnO electrode shows an impressive performance for gas sensing, attributed to its pronounced gas sensitivity [65]. Polymers,
flexible and often biocompatible, can be molded into complex shapes and are usually cheaper than metal or silicon-based sensors [66].
The quartz’s excellent chemical resistance, good biocompatible, and good thermal stability make it useful in microfluidic devices [67].
Ceramics, which are highly stable, resistant to high temperatures, and chemically inert, are usually used in harsh environments where
other materials may fail [68]. Nanomaterials can provide high sensitivity, electrical conductivity, and unique mechanical properties,
which facilitate them leading the cutting-edge of sensor technology [69].

Given that the aforementioned materials may have some shortcomings, for example, carbon fiber electrodes are prone to fouling,
Pt/Ir electrodes are costly, while tungsten electrodes may exhibit electrode drift, it is essential to further develop biocompatible
materials that enhance the safety and durability of needle-type sensors within the body.

4.2.3. Miniaturization and integration

In this section, we introduce methods for decreasing the dimensions of needle-type sensors and enhancing their functionality. As
stated in the research [70], microneedle technologies have the potential to expand wearable health monitoring capabilities from
physiology to biochemistry. Additionally, decreasing the needle size is effective in reducing patient discomfort during medical
applications.

Miniaturization of needle-type sensors often relies on Micro-Electro-Mechanical Systems (MEMS) technology. MEMS enables the
fabrication of tiny, high-precision sensors with dimensions on the microscale. The key steps in MEMS-based miniaturization include
lithography, etching, and thin-film deposition techniques [72]. Besides, advances in nanotechnology have further pushed the
boundaries of miniaturization. By leveraging nanomaterials like carbon nanotubes and nanowires, researchers have developed
needle-type sensors with diameters on the nanoscale. These sensors exhibit exceptional sensitivity and can access previously un-
reachable spaces within biological tissues or industrial equipment [34].

Meanwhile, as one of the most common of integration method, combining multiple needle-type sensors into arrays allows for
simultaneous measurement of multiple parameters [73]. The arrays are particularly useful in medical diagnostics, where they can
provide comprehensive information about a patient’s condition. Besides, the integration, which allows materials with exceptional
sensing properties to be fused with other needle device, will enable the device to function as a sensor while carrying out other purpose.
Kim Jiseok et al., for instance, explore the integration of pressure sensors with printed organic thin-film transistors for flexible and
large-area tactile sensing applications [71]. And according to the result of keywords brust analysis, the design of sensors, which mainly
focuses on the miniaturization and integration process, become the hotspot from 2004 to 2011.

From the above findings, it is evident that miniaturization and integration will promote the creation of superior needle-type
sensors, which is important for the development of needle-type sensors, especially for the medical application.

5. Conclusion

This study comprehensively explores the research hotspots and frontiers of needle-type sensor technology using scientometric
analysis. Drawing from the findings, the following predictions are put forth for the future advancement of this field: (1) Further
develop biocompatible materials to enhance the sensing properties of needle-type sensors; (2) Optimize the structure of the needle-
type sensors by miniaturization and integration methods; (3) Apply needle-type sensors in the field of bioengineering.

6. Strength and Limitation

Based on scientometric analysis, this study aims to provide readers and researchers with relevant information on needle-type
sensing research in a visual way. Therefore, it is convenient for researchers to understand the research progress, research hotspots,
and frontiers in such a rapidly developing field. At the same time, we have also studied the collaboration of different countries, in-
stitutions, authors, and disciplines. Potential partnerships and reliable information about advancements, frontiers, and potential
research trends in this field can be provided to scientists and funding agencies.

However, this study has limitations. Firstly, though the WoSCC database is recognized as the most extensive database in the world,
it is still possible to miss the publication and cause publication bias. For this reason, we make our search formula as comprehensive as
possible and expand our inclusion as much as possible by means of two-person back-to-back screening. Then, though we have not
restricted language in our retrieval strategy, language bias is inevitable because English language has been the predominant language
in the Web of Science database. Therefore, the sources of research information can be expanded in the future to analyze the research
hotspots and trends in this field comprehensively.
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