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Abstract: Actuators and power electronics are indispensable elements of contemporary control 

systems, supporting high-precision operation, optimized energy utilization, and advanced 

automation capabilities. This study explores research trends and thematic developments in these 

domains over the past two decades (2005–2024). An analysis was conducted on 1,840 peer-reviewed 

abstracts sourced from the Web of Science database, utilizing BERTopic modeling, which combines 

transformer-based sentence embeddings with UMAP for dimensionality reduction and HDBSCAN 

clustering. The methodology further incorporated class-based TF-IDF, intertopic distance mapping, 

and hierarchical clustering to elucidate structural topic formations. Results demonstrate a consistent 

rise in scholarly output, with notable acceleration after 2015. Research between 2005 and 2014 was 

predominantly concentrated on established areas such as piezoelectric actuators, adaptive control, 

and hydraulic systems. Conversely, the 2015–2024 phase exhibited an expansion into emerging 

themes like advanced materials, robotic mechanisms, fault-tolerant systems, and networked actuator 

control via communication protocols. The structural analysis highlighted a progression from a 

cohesive to a more distributed and specialized array of topics. This study provides a robust, data-

informed perspective on the progression in complexity and breadth within actuator and power 

electronics research. The insights derived hold significance for researchers, engineers, and 

policymakers committed to fostering advanced, sustainable solutions in next-generation industrial 

technologies. 

Keywords: actuators; power electronics; BERTopic; research trend analysis; intelligent control 

systems 

 

1. Introduction 

The evolution of industrial systems toward increased autonomy, superior energy efficiency, and 

heightened responsiveness has greatly underscored the significance of actuators. As essential 

interfaces linking control algorithms to physical movement, actuators are vital in diverse 

applications, including robotics, electric vehicles, biomedical devices, and smart manufacturing 

systems. The improved capabilities of actuators have been largely driven by advancements in power 

electronics, which deliver effective energy conversion and precise real-time control, making actuator 

systems more compact and intelligent. 

Contemporary technological advancements within this sector have stressed the adoption of 

wide-bandgap semiconductors, embedded digital control circuits, and advanced real-time 

monitoring strategies, collectively yielding substantial gains in switching speed, thermal 

management, and energy density. Such innovations have established power electronics as a 

cornerstone for next-generation actuator developments [1]. Furthermore, the incorporation of 

artificial intelligence (AI) and machine learning (ML) into power electronic architectures has 

generated new prospects for autonomous diagnostics, robust fault-tolerant control, and dynamic 

adaptation of system configurations [2]. For example, Luan et al. [3] demonstrated that a predefined-
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time sliding mode controller combined with an observer can significantly enhance control accuracy 

and fault resilience in permanent magnet motors. Similarly, Zhang et al. [4] proposed a time-varying 

damping model that facilitates adaptive vibration behavior in structures affected by clearance-

induced nonlinearities. 

Practical implementations of these integrated systems extend across a broad range of sectors. In 

the renewable energy industry, smart converters increase the reliability of wind energy conversion 

systems under dynamic conditions. In transportation, electric drivetrains employ AI-optimized 

inverters to improve torque management and energy efficiency. In healthcare, soft robotic actuators 

powered by power-electronic circuits enable precise motion control in minimally invasive surgical 

applications [5,6]. 

Nevertheless, while numerous technical investigations have focused on component-level 

improvements, comprehensive insights into the co-evolution of actuators and power electronics 

remain scarce. Most previous studies have concentrated on individual device innovation, often 

overlooking how research directions have shifted across disciplines or how recent technological 

convergence—such as AI-assisted control—has shifted research priorities. The absence of meta-level 

analysis impedes the capacity of researchers, policymakers, and industry stakeholders to predict 

future developments and allocate resources strategically. 

To overcome this gap, the current study seeks to identify, structure, and analyze long-term 

research trends involving actuators and power electronics. In particular, we explore how 

foundational research areas have shifted over the last two decades (2005–2024), the influence of AI 

on the emergence of new research directions, and the impact of integrated control, power conversion, 

and actuation on system architecture. 

To achieve these objectives, we utilize a deep learning-based text mining framework integrating 

BERT-based sentence embeddings, UMAP for feature reduction, HDBSCAN for unsupervised 

clustering, and BERTopic for interpretable topic extraction. Additionally, we employ class-based TF-

IDF (c-TF-IDF) to extract salient terms that define each topic cluster and track changes in topic 

relevance over time. The methodology is applied to a dataset of 1,840 peer-reviewed abstracts 

collected from the Web of Science database. 

This study advances the literature by providing a data-driven and transparent approach to 

elucidate the progression of actuator and power electronics research. The results deliver actionable 

knowledge for academic researchers, system engineers, and R&D strategists aiming to monitor 

technological developments and position their work in alignment with emerging innovation trends. 

The organization of this paper is as follows. Section 2 surveys prior literature on actuators and 

power electronics. Section 3 details the research methodology, including data collection strategies 

and analytical methods used in the trend analysis. Section 4 presents the main results from the 

temporal trend analysis alongside topic modeling insights. Section 5 discusses these outcomes from 

academic, industrial, and policy standpoints, highlighting practical implications. Lastly, Section 6 

closes the paper by outlining limitations and suggesting future research pathways. 

2. Literature Review 

2.1. Topical Review: Actuators and Power Electronics 

Actuators and power electronics work together in contemporary electromechanical systems, 

driving progress across numerous industrial sectors. Actuators are essential elements that translate 

electrical signals into mechanical movements, with widespread applications in robotics, aerospace, 

automotive, energy, and biomedical engineering. Power electronics serves a vital function by 

efficiently converting, regulating, and distributing the electrical energy required to drive these 

actuators, thus significantly impacting overall system performance and energy efficiency [7–9]. 

In recent decades, actuators have undergone substantial technological progress. While initial 

advancements focused on conventional electromechanical actuators, subsequent innovations have 

introduced devices based on advanced materials such as piezoelectrics, magnetostrictive 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 June 2025 doi:10.20944/preprints202506.1442.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202506.1442.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 24 

 

compounds, and electroactive polymers. These advanced actuators deliver precise control at 

nanometer scales, fast response times, and reduced power consumption, surpassing the limitations 

of earlier technologies. As a result, they are increasingly adopted in precision-driven sectors like 

semiconductor manufacturing and biomedicine [10–13]. Furthermore, smart actuators now 

incorporate embedded sensors, controllers, and communication modules, supporting self-diagnosis, 

predictive maintenance, and real-time analytics, which are critical for industrial automation and 

smart factory operations [14–16]. 

Power electronics has similarly evolved at a rapid pace. The shift from standard silicon devices 

toward wide bandgap semiconductors such as silicon carbide and gallium nitride has enabled 

switching at higher voltages, frequencies, and efficiencies. This technological advancement has 

broadened power electronics applications into high-demand areas including electric vehicles (EVs), 

renewable energy systems, and aerospace industry technologies [17–19]. For example, inverters for 

EV motor drives, grid-tied inverters for solar or wind installations, and high-efficiency DC-DC 

converters now exemplify these developments. Concurrently, research efforts have been directed at 

achieving higher conversion efficiency, minimizing device size and weight, and improving thermal 

management. In addition, the recent adoption of AI in predictive control and real-time condition 

monitoring has further increased the reliability and autonomy of power electronic systems [20–22]. 

These technological advancements are driving concrete innovations across a variety of 

industries. For example, in the EV sector, the use of high-efficiency inverters and regenerative braking 

systems has led to marked improvements in driving range and energy efficiency. In the renewable 

energy sector, power electronics-based smart grids are contributing to improved stability and the 

effectiveness of energy supply networks [23–25]. Within industrial automation, the integration of 

sub-micron-level linear actuators and high-speed, high-precision servo drive systems has played an 

important role in boosting productivity [26–28]. 

Despite considerable advancements, several technical issues continue to challenge the field. 

Challenges include managing heat in high-power-density systems, addressing electromagnetic 

interference related to miniaturization, achieving long-term reliability across a range of operational 

conditions, as well as scaling up the manufacturing of advanced material-based actuators, all of 

which necessitate further research [29–31]. In addition, rising priorities such as designing energy-

efficient, environmentally sustainable power electronic systems, ensuring secure data exchange and 

standardized communication protocols for smart actuators, and facilitating interoperability among 

heterogeneous systems are attracting increased attention [32,33]. 

2.2. Existing Trend Analyses in Actuator and Power Electronics Research  

Previous studies in the areas of actuators and power electronics primarily fall into two categories: 

technology-focused analyses and bibliometric trend analyses. While the earlier part of this work 

focused on technical achievements and existing barriers, many stand-alone investigations have 

adopted bibliometric techniques to systematically reveal research trends in this field [34,35].  

A 2023 publication listed in PubMed reviewed 111 key articles on soft robotics published from 

2008 to 2022, presenting a systematic analysis across three themes: bioinspired design principles, 

types of control (open/closed-loop), and biomedical applications. It highlighted actuator-related 

technologies as core elements, representing 34% of all publications, and noted an average annual 

growth of 18.7% in the past five years, with particular emphasis on dielectric elastomer actuators and 

structural optimization of actuators [36].  

A 2011 investigation indexed via Semantic Scholar surveyed 109,661 articles from the IEEE 

database (2001–2010), classifying power semiconductor devices (38.2%), converter topologies (29.1%), 

and control strategies (22.4%) as the principal research categories. Research on wide bandgap (WBG) 

semiconductors, in particular, experienced significant growth, with an average annual increase of 

24.3% since 2010 [35].  

A 2024 study published in the MDPI Electricity journal examined over 1,200 articles on smart 

grids from 2017 to 2022. The results showed that power electronics technologies represented 68% of 
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the research activity within energy management systems (EMS) and demand response contexts. 

Moreover, the annual growth rate for research concerning DC-DC converter topologies reached 15%, 

underscoring their increasing importance as a key emerging technology [37]. 

Traditional technological analyses often focus on component performance and physical 

constraints, while bibliometric trend analyses offer higher-level perspectives on research community 

evolution, cross-disciplinary cooperation, and the role of policy intervention. For example, a 2023 

study published in Clean Energy revealed that combining both methodologies could increase the 

precision of technological forecasting by as much as 41% [38]. 

Within this research area, integrating technical and bibliometric approaches necessitates the 

design of a coordinated multi-temporal analysis framework. Specifically, recent advances prioritize 

the use of machine learning-enabled dynamic keyword extraction and real-time data feed integration. 

According to a 2025 foresight report from Nature Electronics, applying these integrative strategies 

could boost R&D efficiency by up to 57% [39]. 

2.3. Methodological Review: Topic Modeling and BERTopic  

Recently, topic modeling techniques—especially advanced approaches such as BERTopic—have 

found widespread application in both academic and industrial contexts for systematically mapping 

large-scale research trends [40]. Topic modeling is an analytical methodology that identifies 

underlying research themes and emergent trends from unstructured text data, including scientific 

literature, patents, and technical documentation. Legacy methods such as Latent Dirichlet Allocation 

(LDA) and Non-negative Matrix Factorization (NMF) have seen extensive use in this area [7,8]. 

Nevertheless, these established approaches depend largely on word frequency and co-occurrence 

statistics, which can struggle to recognize contextual subtleties. This drawback is particularly 

significant in highly specialized domains characterized by concentrated technical terminology [41,42]. 

BERTopic addresses these deficiencies by leveraging BERT-based sentence embeddings in 

combination with state-of-the-art clustering algorithms and dimensionality-reduction tools, 

including HDBSCAN and UMAP [43,44]. Distinct from frequency-oriented approaches, BERTopic 

generates contextually rich topic representations that achieve high accuracy even for brief documents 

such as research abstracts. It capably handles polysemy and synonymy, and its UMAP-driven 

interactive visualizations elucidate topic relationships and evolution dynamics [45]. 

BERTopic has been effectively utilized to analyze publications and patents in advanced fields 

such as the industrial internet, semiconductors, and biomedical engineering. It supports temporal 

examination of the emergence and intensity of detailed technical topics. In the study of actuators and 

power electronics, BERTopic demonstrates significant capability in detecting emergent subtopics, 

including “wide bandgap devices,” “smart actuators,” and “high-efficiency inverters” [46,47]. 

Additionally, it aids in identifying convergence domains and research gaps. For example, when 

processing thousands of abstracts, patent summaries, or technical reports, BERTopic delivers more 

than three times the topic coherence and processing efficiency relative to LDA [48,49]. This enhanced 

performance allows researchers to pinpoint novel technology trends and research gaps with finer 

detail. Moreover, BERTopic integrates seamlessly with large language models (LLMs) such as 

ChatGPT, thereby improving interpretability and enabling interactive analytical capabilities [50]. 

This study applies BERTopic for several key reasons. First, the domains of actuators and power 

electronics experience rapid technological advancements and frequent interdisciplinary integration. 

A tool that captures nuanced topic transitions with contextual precision is thus indispensable [51,52]. 

BERTopic surpasses classical models by yielding improved topic separation and effectively 

highlighting newly emerging trends and research deficiencies. Second, it is capable of efficiently 

handling extensive collections of abstracts and technical documents, which makes it particularly 

appropriate for trend analysis at scale [53]. Third, its visualization capabilities enable researchers to 

clearly discern topic interrelations, evolution, and convergence patterns, thereby providing 

actionable insights for formulating research strategies and setting agendas. Fourth, integration with 
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advanced AI tools such as LLMs allows for automated interpretation of topics and real-time 

monitoring of trends, which supports the demands of future research environments [54–56]. 

In summary, BERTopic is regarded as a highly robust methodological approach for examining 

broad research trends and technological progress within the domains of actuators and power 

electronics. Leveraging its contextual sensitivity, processing effectiveness, and interpretability, this 

study seeks to address prior analytical limitations and offer a comprehensive and systematic 

investigation of developing research trajectories. 

3. Materials and Methods 

This study implemented a multi-step methodology to examine 1,840 publications related to 

actuators and power electronics spanning 2005 to 2024. Data were sourced from the Web of Science 

and restricted to peer-reviewed articles and reviews. After initial preprocessing, publication trends 

by country were assessed using Python-based analysis. BERTopic modeling was used to extract and 

visualize the main research topics, employing Sentence-BERT for embedding generation, UMAP for 

reducing dimensionality, HDBSCAN for cluster identification, and c-TF-IDF for extracting 

representative keywords. 

To investigate changes in research topics over time, the dataset was segmented into two periods 

(2005–2014 and 2015–2024), and identical analytical pipelines were applied for comparative study. 

Figure 1 illustrates the overall research workflow. 

 

Figure 1. Summary of research procedure. 

  

(1) Data Collections

(2) Pre-processing

Journal Data
(Web of science)

(4) Text Mining

(4-6) BERTopic Modeling Visualization

(4-1) BERT Embedding

(4-2) UMAP Dimensionality Reduction

(4-3) HDBSCAN Clustering

(4-5) c-TF-IDF Topic Extraction

(4-4) CountVectorizer

(3) Trend Analysis

(3-1) Annual Publication Trends (3-2) Country Publication Trend

(5) Comparative Topic Evolution Analysis

(5-1) c-TF-IDF Keyword Comparison

(5-2) Topic Space Visualization

(5-3) Topic Clustering Comparison
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3.1. Data Collection 

An organized data collection procedure was established to ensure the reliability of subsequent 

analyses. Publications were obtained from the Web of Science database and filtered to include only 

studies pertaining to actuators and power electronics, thereby promoting thematic consistency and 

data reliability. The final dataset spans a 20-year interval (2005–2024) and includes exclusively peer-

reviewed research articles and review papers. This procedure resulted in the selection of 1,840 

records, consolidated in Excel format. The detailed search methodology is outlined in Table 1. 

Table 1. Web of Science search formula. 

Search Formula 

“TS=( 

(actuator* OR “motion control” OR “servo motor*” OR “electromechanical device*” OR 

“piezoelectric actuator*” OR “hydraulic actuator*” OR “pneumatic actuator*” OR “soft actuator*” 

OR “smart actuator*”) 

AND 

(“power electronic*” OR “power converter*” OR inverter* OR rectifier* OR “DC-DC converter*” OR 

“motor drive*” OR “switching converter*” OR “voltage control” OR “PWM control” OR “power 

conditioning” OR “energy conversion” OR “electronic drive system*” OR “high-efficiency power 

system*”) 

After obtaining the records, text mining methods were applied to the abstracts to uncover 

underlying research themes and structural patterns. BERTopic, a deep learning-driven transformer 

model, was utilized for semantic embedding generation, clustering, and visualization of topic 

distributions. This methodology enabled a systematic investigation of research trend development in 

the fields of actuators and power electronics. 

3.2. Pre-processing 

BERT-based topic modeling employs pre-trained language models capable of capturing rich 

contextual features, which alleviates the need for extensive preprocessing typically required by 

statistical models such as LDA. These advanced models can produce context-aware embeddings from 

complete sentences, even when minimal preprocessing is performed. However, omitting all 

preprocessing can negatively affect outcomes. Fundamental preprocessing steps—including the 

removal of duplicate sentences, filtering out non-standard characters, and excluding brief non-

informative contents—remain crucial. These measures directly affect both embedding quality and 

clustering reliability. 

In conclusion, although BERT-based models simplify preprocessing, a minimum level of data 

cleaning remains essential to maintain input quality. Preprocessing approaches should be tailored 

according to the research goals and the linguistic features of the target language. 

3.3. Trend Analysis 

A trend analysis was conducted on 1,840 academic publications gathered during the 

preprocessing phase, utilizing Python and Google Colab. The analysis sought to examine the 

evolution of research in actuators and power electronics over time, providing insights into the 

trajectory of technological progress and supporting strategic planning processes. Furthermore, 

analyzing long-term trends in research activity assists stakeholders in identifying potential 

opportunities, anticipating obstacles, and strengthening their competitiveness in a dynamic 

industrial environment. 

The analysis focused on three key aspects: (1) Identifying the top 10 countries with the highest 

annual output of relevant publications, (2) Evaluating the overall publication volume of the top 10 

most productive countries. These findings offer a broader perspective on worldwide research 
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initiatives in actuator and power electronics technologies and help pinpoint regions that significantly 

contribute to the advancement of the field. 

3.4. BERTopic modeling 

BERTopic modeling utilizes a transformer-based pre-trained language model that efficiently 

handles complex data and supports transfer learning, making it particularly beneficial for adapting 

to new research domains [42]. In this study, BERTopic modeling was applied to produce document 

embeddings, cluster these representations, extract topic features by a class-based c-TF-IDF technique, 

and investigate multiple analytical approaches through visualization. 

Embedding is a method that captures the semantic content of words or sentences while 

representing them as low-dimensional vectors, thereby allowing computers to process and interpret 

language [57]. In the current study, the transfer learning capabilities of pre-trained BERT were 

utilized to embed documents related to dry electrodes into high-dimensional vectors. Sentence-BERT 

(SBERT) was employed specifically for this embedding process. The formula associated with 

embedding is shown in Equation (1). 

𝐸 = Embedding vector 

𝐷 = Set of documents 

BERT embeddings generally consist of 768 dimensions, making them highly high-dimensional. 

To address this, UMAP is used to reduce dimensionality while preserving the nonlinear relationships 

within the data. The formula associated with UMAP is provided in Equation (2). 

HDBSCAN is applied to the dimensionally reduced embeddings for clustering [58]. As a 

density-based clustering algorithm, HDBSCAN is effective in filtering out noise. The clustering 

formula is given in Equation (3). 

𝐶 = The Cluster to which a document belongs 

Following word frequency extraction using CountVectorizer, principal keywords for each 

cluster are determined through a c-TF-IDF-based method. The c-TF-IDF approach is effective for 

highlighting the most representative words within each cluster, as it measures word significance 

across entire topics rather than individual documents [59,60]. Furthermore, it quantifies word 

importance at the cluster level, not just for individual documents. The formula associated with c-TF-

IDF is detailed in Equation (4). 

𝑇𝐹 = The frequency of word 𝑤 in a specific cluster 𝑐 

𝐷𝐹(𝑤) = The number of documents in which the word 𝑤 appears  

𝑁 = The total number of documents 

To provide a thorough understanding of topic structure, various analytical visualizations were 

used, such as the BERTopic Intertopic Distance Map, hierarchical clustering, and the analysis of 

document distribution across topics. 

3.5. Comparative Topic Evolution Analysis 

At this stage, the study utilized data divided into two periods—2005–2014 and 2015–2024—to 

quantitatively assess the structural progression of research topics in actuators and power electronics. 

This division allowed for meaningful comparison between two distinct time frames: an initial period 

𝐸 = 𝑆𝐵𝐸𝑅𝑇(𝐷) (1) 

𝐸𝑈𝑀𝐴𝑃 = 𝑈𝑀𝐴𝑃(𝐸) (2) 

𝐶 = 𝐻𝐷𝐵𝑆𝐶𝐴𝑁(𝐸𝑈𝑀𝐴𝑃) (3) 

𝑐 − 𝑇𝐹 − 𝐼𝐷𝐹(𝑤, 𝑐) =
𝑇𝐹(𝑤, 𝑐)

∑ 𝑇𝐹(𝑤′, 𝑐)𝑤′∈𝑒

× log(
𝑁

𝐷𝐹(𝑤)
) (4) 
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likely characterized by foundational technological development and early integration of materials 

and control, and a more recent phase marked by growing emphasis on AI-based control, high-

performance materials, and industry convergence. 

To ensure analytical consistency, an identical topic modeling pipeline was applied to each 

dataset under a unified framework. A subsequent three-step approach was then used to compare the 

structural evolution of topics over time. First, c-TF-IDF-based keyword analysis quantitatively 

captured changes in the conceptual emphasis within corresponding topics across periods. Second, 

intertopic distance maps were produced to evaluate the differences in topic proximity and semantic 

distribution between the periods. Third, hierarchical clustering was used to explore how topic 

groupings and their semantic structures have diversified or deepened over time. 

By employing this segmentation and comparative structure, the framework seeks to advance 

beyond basic frequency analysis, enabling a more comprehensive interpretation of the evolving 

direction and increasing semantic complexity of research topics over the past two decades. 

4. Results 

4.1. Trend Analysis 

The annual publication trend in actuator and power electronics research from 2005 to 2024 

demonstrates a consistent upward trajectory, with more than 100 publications produced each year 

since 2019. In 2024, publication output reached 193, representing the peak within the analyzed 

timeframe. These findings suggest that research into actuator and power electronics has sustained a 

significant presence in the academic community, with recent growth potentially attributable to 

expanding application areas and greater integration within diverse technological sectors. Figure 2 

illustrates the yearly publication counts throughout the analysis period. 

 

Figure 2. Number of Publications. 

Analyzing publications by country shows that China (604 papers) and the United States (234 

papers) are the leading contributors, underscoring their substantial influence in actuator and power 

electronics research. These countries are trailed by Japan (121), South Korea (98), Taiwan (83), France 

(68), Italy (60), India (53), Iran (53), and Germany (46). Figure 3 visualizes publication volumes from 

these top 10 contributing nations. The pattern highlights a significant concentration of research within 

a select group of countries, with notable outputs from several Asian regions. This concentration could 

point to emerging disparities in global technological leadership, emphasizing the importance of 

fostering international collaboration and effective knowledge dissemination. 
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Figure 3. Top 10 Countries by Number of Publications. 

4.2. c-TF-IDF Analysis 

4.2.1. c-TF-IDF Analysis: 2005-2014 Period 

This paper analyzes the thematic structure of actuator and power electronics research from 2005 

to 2014 through the application of BERTopic modeling to abstract-level text data. The modeling 

process yielded eight well-defined topics, each characterized by distinctive keywords exhibiting high 

class-based TF-IDF (c-TF-IDF) scores. The discussion below elaborates on these keywords and their 

contextual significance. Figure 4 provides a visual summary of the c-TF-IDF analysis outcomes for 

this period. 

Topic 0: Key terms such as piezoelectric, magnetic, frequency, ultrasonic, and electrical suggest 

an emphasis on energy conversion technologies involving smart materials and advanced high-

frequency signal methods. This topic encompasses research on actuators utilizing smart materials 

and electromagnetic precision control systems. 

Topic 1: Notable keywords—including drive, adaptive, friction, uncertainties, and algorithm—

point to investigations centered on motion control strategies, particularly in the context of dynamic 

uncertainties and nonlinear system behaviors. This topic captures ongoing academic progress in 

adaptive control algorithms for actuator systems functioning under uncertain operational scenarios. 

Topic 2: Terms such as dielectric, electrical, polymers, membrane, and polymer indicate 

investigations at the material level of soft actuators, particularly those utilizing electroactive polymer 

technologies. This topic is linked to research on dielectric elastomers and flexible actuator materials 

designed for next-generation motion systems. 

Topic 3: Commonly found words such as aircraft, inverter, induction, electrical, and rectifier 

reflect studies on the integration of power electronics within aerospace or vehicular systems. This 

topic encompasses research on inverter-based electric drives and actuation systems specific to 

transportation and aerospace settings. 

Topic 4: Prominent terms like valve, engine, hydraulic, scroll, and pressure indicate research 

focused on mechanical component-based actuation, with an emphasis on fluid-powered systems. 

This topic covers conventional hydraulic and pneumatic actuators implemented in industrial and 

mechanical automation contexts. 

Topic 5: Keywords including vehicle, yaw, yaw moment, roll, and simulation signify research in 

the domain of vehicle dynamics, with a particular focus on rotational control and system-level 
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simulation. This topic addresses studies on automotive actuators for dynamic stability management 

and simulation-based modeling methodologies. 

Topic 6: Terms such as generator, pm synchronous, synchronous generator, and pitch highlight 

research centered on energy generation technologies and their control strategies. This topic pertains 

to investigations into synchronous generators, pitch control, and the engineering of 

electromechanical energy conversion systems. 

Topic 7: Frequently mentioned keywords such as graphene, polymer, carbon, photomechanical, 

and stress suggest an emphasis on advanced functional materials responsive to external stimuli. This 

topic is representative of pioneering research in photomechanical actuation and the engineering of 

graphene-based smart materials. 

 

Figure 4. c-TF-IDF Topic Word Scores (2005-2014). 

4.2.1. c-TF-IDF Analysis: 2015-2024 Period 

This section examines recent advances in actuator and power electronics research through 

BERTopic modeling of publications from 2015 to 2024. Eleven distinct topics were identified using c-

TF-IDF-weighted keywords, representing the prevailing research directions in the literature. 

Summaries and research implications for each topic are detailed below. Figure 5 presents the c-TF-

IDF analysis results for this period. 

Topic 0: Core terms such as vehicle, adaptive, uncertainties, robust, and disturbances reveal an 

emphasis on control system design for dynamic and unpredictable driving scenarios. This topic 

addresses research on robust vehicle control mechanisms in the presence of uncertainties and 

nonlinearities. 

Topic 1: Frequently used words like graphene, polymer, fibers, liquid, and flexible underscore 

research on material innovation. These point to developments in soft and stretchable actuators 

utilizing novel nanomaterials. This topic aligns with research on flexible and nanostructured 

materials for advanced actuation technologies. 

Topic 2: Keywords such as piezoelectric, dielectric, circuit, frequency, and ultrasonic indicate 

advanced signal processing and intelligent material actuation. This topic addresses piezoelectric 

actuators and systems driven by dielectric response to frequency. 

Topic 3: Terms like fault tolerant, solar, sensor, wecs (wind energy conversion systems), and 

adaptive suggest research in control systems for renewable energy applications. This topic focuses 

on fault-tolerant adaptive control strategies within actuator systems that integrate renewable energy 

sources. 
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Topic 4: Keywords including hydraulic, turbine, valve, engine, and pressure indicate a persistent 

emphasis on mechanical and fluid-driven actuation methods. This topic centers on hydraulic actuator 

technologies employed in power generation and mechanical system control. 

Topic 5: Dominant words such as robot, clutch, gear, mechanism, and muscle signify the 

integration of actuators in robotic and biomechanical contexts. This topic relates to actuation 

mechanisms for robotics, including the development of bio-inspired solutions. 

Topic 6: Terms such as aircraft, electrical, insulation, machines, and degradation underscore the 

importance of electric propulsion and insulation reliability over extended operation. This topic 

examines electromechanical system reliability in aerospace actuator applications. 

Topic 7: Keywords like plasma, jet, discharge, tokamak, and vertical point to investigations 

involving high-energy physics systems and plasma-based actuation methods. This topic covers 

research on plasma actuator technologies and their role in fusion-energy systems. 

Topic 8: High-impact terms include piezoelectric, ferroelectric, phosphorene, strain, and 

polarization, reflecting progress in materials engineered with coupled electromechanical behaviors. 

This topic highlights the development of strain-sensitive smart materials, such as ferroelectric and 

2D-layered actuators. 

 

Figure 5. c-TF-IDF Topic Word Scores (2015-2024). 

Topic 9: Terms such as magnetic, superelasticity, microwire, hysteresis, and strain describe 

actuation based on magnetic effects and elastic transformation. This topic addresses advancements 

in magneto-mechanical and superelastic actuator systems. 

Topic 10: Keywords including ethernet, imagery, unit, operations, and ethercat denote the 

integration of actuator systems with real-time networking and embedded control platforms. This 

topic highlights the deployment of networked actuator controls in industrial automation utilizing 

EtherCAT communication protocols. 
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4.3. BERTopic Modeling Analysis 

4.3.1. BERTopic Modeling Analysis: 2005-2014 Period 

In BERTopic modeling, an intertopic distance map was produced from the 2005–2014 dataset. 

This two-dimensional plot illustrates the semantic proximity of topics using c-TF-IDF embeddings 

with UMAP-based dimensionality reduction. Each circle denotes a topic, and its size reflects the 

proportion of related documents. Figure 6 displays the intertopic distance map, providing a visual 

summary of topic distribution and their relative similarities over the examined period. 

Topic 0 and Topic 1, centrally positioned and covering larger portions of the map, represent a 

significant share of the dataset. Their close placement implies partial thematic overlap, likely due to 

a shared focus on control systems and actuator optimization, though each emphasizes different 

technical aspects. 

Topic 3 and Topic 6 appear in the same quadrant and are located near one another, possibly 

indicating mutual interests in inverter-based drive systems and aerospace electrical applications. 

Topic 2 and Topic 7 cluster together in the left section of the map and are somewhat removed 

from the central topics. This spatial isolation suggests these topics are semantically distinct, 

potentially corresponding to material-science-focused or high-frequency piezoelectric actuator 

research. 

Topic 4 is located further south of the main cluster, indicating it is thematically divergent. Based 

on its keyword composition (as noted previously), it likely pertains to hydraulic or fluid-based 

actuation, setting it apart conceptually from signal-processing or control-based groupings. 

Topic 0 remains the most prevalent theme during this period, closely followed by Topic 1, as 

shown by their significant bubble sizes. These topics likely represent core advances in actuator 

control and energy-efficient conversion. Conversely, Topic 5, Topic 6, and Topic 7 account for smaller 

proportions of publications, suggesting these were either emerging research areas or niche fields at 

the time. 

This map demonstrates moderate dispersion across the topic space, revealing a reasonably 

diverse set of research directions in actuator-related studies during this timeframe. 

The marked distinction between material-driven clusters (e.g., Topic 2, 7) and system/control-

oriented clusters (e.g., Topic 0, 1) underscores disciplinary boundaries within the domain—

separating hardware/material innovation from developments in control system design. 
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Figure 6. BERTopic Modeling Interopic Distance Map (2005-2014). 

4.3.2. BERTopic Modeling Analysis: 2015-2024 Period 

Recent trends in actuator and power electronics research structure were assessed using an 

intertopic distance map produced from BERTopic analysis of the 2015–2024 dataset. Each circle in the 

two-dimensional representation denotes a topic, with its coordinates reflecting semantic distance and 

its area indicating document proportion. Figure 7 displays this visualization, clarifying topic 

divergence and convergence patterns over the preceding decade. 

Topic 0 is centrally located with a comparatively large representation, indicating that it 

constitutes a core and broadly recognized research area. Its position suggests strong thematic 

connections to adjacent topics and may relate to general control systems or principal actuator 

technologies. 

Topic 1 and Topic 2 are prominent and distinctly positioned, indicating substantial yet divergent 

research directions. Topic 1 is situated in the upper-right quadrant, demonstrating relative isolation 

and suggesting a well-defined thematic area, which may pertain to advanced materials as identified 

in previous keyword mapping. In contrast, Topic 10 is comparatively small and positioned near the 

map's center, reflecting a lower document volume and greater semantic overlap with neighboring 

topics—this could indicate a minor field or an interdisciplinary research niche. 

The topics organize into three overarching semantic clusters: Cluster A includes Topic 0, 4, 5, 7, 

and 10, which are centrally located and characterized by moderate thematic similarity, potentially 

representing applied control systems, robotics, and industrial actuation. Cluster B consists of Topic 

1, 8, and 9 in the upper-right sector, which are thematically more distinct and likely related to 
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advanced material research such as graphene, photomechanical systems, or smart composites. 

Cluster C groups Topic 2, 3, and 6 on the map's left, potentially denoting research in signal processing, 

electromagnetic actuation, or simulation-centric studies. The relative isolation of Topics 6 and 3 

suggests independent research streams such as energy systems integration, power electronics, or 

high-fidelity simulation. 

In comparison to the 2005–2014 phase, the current topic map exhibits broader spatial dispersion, 

which signals both thematic diversification and the rise of more specialized research domains. The 

formation of distinctly delineated clusters—particularly those centered on material innovation 

(Topics 1, 8, 9)—highlights a trend toward intensified interdisciplinary activity between materials 

science and actuator systems. The map's structure also demonstrates established core areas (Topic 0) 

alongside the emergence of isolated topics, suggesting a dynamic coexistence of incremental 

advances and pioneering efforts within the field. 

 

Figure 7. BERTopic Modeling Interopic Distance Map (2015-2024). 

4.4. Hierarchical Clustering Analysis 

4.4.1. Hierarchical Clustering Analysis of Topics: 2005-2014 Period 

Hierarchical agglomerative clustering (HAC) was performed on BERTopic-generated topic 

embeddings to investigate the underlying hierarchical structure of topics from 2005–2014. The 

dendrogram in Figure 8 illustrates semantic relationships among the eight topics, calculated 
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according to their respective distance metrics. The x-axis corresponds to the linkage distance, while 

the y-axis designates each topic alongside representative keywords. 

The dendrogram identifies two principal clusters. The first comprises Topic 7 (graphene, 

polymer, carbon) and Topic 2 (dielectric, electrical, polymer), which are unified by strong foundations 

in material science. Their close association indicates a mutual emphasis on soft materials, flexible 

electronics, and the development of innovative smart polymers, all of which are characteristic of early 

phases in nanostructured actuator material research. 

The second, broader cluster encompasses the remaining six topics, which cover areas such as 

control systems, signal processing, and mechanical actuation. Within this group, three distinct 

subgroups emerge: 

Topics 0 (piezoelectric, magnetic, frequency) and 1 (drive, adaptive, friction) are closely 

associated, indicating a common focus on dynamic response control and actuation governed by 

signal inputs. Topics 3 (aircraft, inverter, induction) and 6 (generator, pm synchronous) are grouped 

together, presumably pertaining to research on electrical drive systems in transportation and energy 

sectors. Topics 4 (valve, engine, hydraulic) and 5 (vehicle, yaw, yaw moment) are also closely 

connected, suggesting a mechanical systems perspective focused on fluid-based or motion control 

actuation. 

This hierarchical structure demonstrates that from 2005 to 2014, the research domain was 

primarily structured around two major themes: innovations in material-based actuators and system-

level actuation and control, with distinct sub-specializations within each. This arrangement 

highlights the initial phase of integrating smart materials into conventional actuator designs before 

broader diversification became evident in later years. 

 

Figure 8. Topic Hierarchical Clustering (2005-2014). 

4.4.2. Hierarchical Clustering Analysis of Topics: 2015-2024 Period 

Latent hierarchical connections among recent topics in actuator and power electronics research 

were analyzed through hierarchical agglomerative clustering, using BERTopic-generated topic 

vectors for the 2015–2024 dataset. The dendrogram in Figure 9 illustrates the semantic proximity 

among the eleven topics, as determined by their keyword distributions and vector similarities. 

The clustering outcomes reveal a more complex and layered topic organization compared to the 

2005–2014 period. Two main clusters are observed: Cluster A: Materials and Fundamental 

Mechanisms. This group is comprised of Topic 1 (graphene, polymer, fibers), Topic 2 (piezoelectric, 

dielectric), Topic 8 (piezoelectric, ferroelectric), and Topic 9 (magnetic, super elasticity). These topics 

are tightly clustered, pointing to a strong emphasis on smart material research, including 

nanostructured polymers, 2D piezoelectric materials, ferroelectric compounds, and magneto strictive 

technologies. The semantic closeness within these topics signals the development of an integrated 

material science-focused research direction, concentrating on electromechanical interaction and 

emerging actuation concepts. 
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Cluster B: Systems, Control, and Application Domains. This larger, more structurally diverse 

cluster encompasses: Topic 0 (vehicle, adaptive, uncertainties), Topic 3 (faulttolerant, solar, sensor), 

and Topic 6 (aircraft, insulation, degradation), which together emphasize adaptive control, system 

reliability, and aerospace applications. Topic 4 (hydraulic, turbine, valve) and Topic 5 (robot, clutch, 

gear) signify domains focused on mechanical and robotic actuation. Topic 7 (plasma, jet, discharge) 

— although semantically associated with high-energy physics — appears adjacent to this cluster, 

likely due to its relevance in advancing power technologies. Topic 10 (ethernet, imagery, unit) 

demonstrates relative isolation within this group, indicating a distinct subdomain centered on 

networked control and embedded system integration in industrial contexts. 

These findings indicate that while earlier research primarily concentrated on control and 

piezoelectric systems, the past decade has led to the emergence of more differentiated thematic areas, 

specifically: Advanced functional materials for actuator development (Cluster A), and high-level 

system integration, including AI-enhanced control, robotics, and networked actuation (Cluster B). 

Moreover, the intricate sub-branching within Cluster B illustrates the increased complexity and 

enhanced technical specialization of application domains. It is particularly noteworthy that Topics 0 

and 3 now exhibit stronger interconnections than previously observed, reflecting heightened research 

activity in robust, fault-tolerant actuator systems operating under uncertain or distributed 

environments. 

 

Figure 9. Topic Hierarchical Clustering (2015-2024). 

4.5. Comparative Topic Evolution Analysis 

4.5.1. c-TF-IDF Keyword Comparison 

To investigate changes in research focus within actuator and power electronics, we performed a 

comparative topic analysis spanning two time periods: 2005–2014 and 2015–2024. By mapping 

representative keywords using BERTopic modeling, we identified several notable thematic 

transitions, corresponding to shifts in technological priorities, methodological sophistication, and 

application scope. 

In 2005–2014, smart actuation research was characterized by frequent keywords such as 

piezoelectric, magnetic, ultrasonic, and dielectric, reflecting a focus on energy conversion utilizing 

established smart materials. Over the succeeding decade (2015–2024), similar themes persisted but 

involved greater complexity, including advanced materials such as ferroelectric, phosphorene, 

superelasticity, and strain. This progression signals a shift from conventional piezoelectric and 

magnetic actuators toward emerging functional materials, notably 2D nanomaterials and strain-

coupled smart composites, underscoring the increasing integration of material science into actuator 

engineering. 

During the earlier period, topics included terms such as adaptive, vehicle, friction, and yaw, 

signifying research focused on control algorithms within dynamic environments. In the later period, 

these topics developed into clusters defined by robust, uncertainties, and disturbances, which 
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highlight a growing focus on resilience at the system level. This thematic transition demonstrates an 

advancement toward robust adaptive control frameworks for vehicle dynamics, prioritizing the 

management of uncertainties and reliability in autonomous and safety-critical platforms. 

Robotics and biomechanical actuation did not appear as standalone topics in the earlier decade. 

However, from 2015 to 2024, terms like robot, clutch, gear, muscle, and mechanism created a clear 

cluster. This indicates the growth of robotic actuation as a prominent subfield, especially with a focus 

on bio-inspired engineering and the mechanical incorporation found in soft and wearable robotic 

systems. 

Topics concerning aerospace and electrical actuation were present in both timeframes, but the 

focus shifted over time. Initial keywords such as aircraft, pitch, synchronous, and inverter centered 

on propulsion systems and motor control strategies. In the subsequent period, keywords including 

degradation, insulation, and fault tolerant imply an increased concentration on durability, 

management of faults, and ensuring long-term reliability in electromechanical platforms. This trend 

reveals a progression from primarily control-based investigations to an emphasis on system-level 

reliability engineering, particularly across aerospace and renewable energy sectors. 

Hydraulic and valve-based actuation displayed thematic consistency across both periods, with 

persistent keywords such as hydraulic, valve, engine, and pressure. This ongoing pattern suggests 

traditional hydraulic technologies continue to be significant, especially within large-scale mechanical 

and heavy industrial contexts, but exhibit limited change in their conceptual approach. It is 

noteworthy that high-energy actuator systems were not present among the 2005–2014 topics. 

Conversely, the later decade identified a cluster with terms such as plasma, discharge, jet, and 

tokamak, which are associated with developments in fusion reactors and high-voltage actuation. This 

movement highlights the broadening of actuator research into high-energy sectors, including plasma 

propulsion and electromagnetic actuation in extreme operational settings. 

Between 2015 and 2024, a new research area appeared, distinguished by keywords such as 

ethernet, ethercat, imagery, and operations, pointing to real-time industrial communication 

technologies. This signals a significant shift toward network-connected actuation, where real-time 

data exchange, communication standards, and integrated control are vital components of advanced 

manufacturing environments and cyber-physical infrastructures. 

The comparative topic analysis indicates that research in actuator and power electronics has 

followed a noticeably progressive trajectory. Earlier themes were primarily focused on core control 

methods and material systems, but have incrementally developed into complex areas involving 

intelligent control, advanced materials, robotics, and interconnected industrial systems. This 

chronological evolution demonstrates both increased technological maturity and broader application 

contexts in the field over the last two decades. 

4.5.2. Topic Space Visualization 

To gain deeper insights into the development of research themes within actuator and power 

electronics studies, we examined the intertopic distance maps derived from BERTopic modeling for 

the two periods: 2005–2014 and 2015–2024. This comparative assessment underscores the ways in 

which the arrangement, prominence, and demarcation of research topics have evolved through time. 

During the 2005–2014 span, the structure of topics was relatively compact, with two primary 

topics (Topic 0 and Topic 1) centrally positioned and comprising a substantial share of the research 

body. These main topics demonstrated strong semantic relationships with neighboring themes, 

indicating a strong emphasis on key areas such as actuator control and power conversion. Other 

topics were somewhat scattered, yet remained integrated into the core, showing that the field at this 

stage was cohesive and anchored around a select set of foundational research directions. 

Conversely, the map for the 2015–2024 interval displays a broader spatial spread, indicating a 

notable increase in thematic diversity. Although Topic 0 continued to retain a central and dominant 

position, some topics—particularly Topic 1, Topic 8, and Topic 9—shifted to the margins of the 

semantic landscape. These peripheral topics reflect the rise of specialized fields, for example, 
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advanced material-based actuation, including graphene composites and photomechanical systems. 

The distinct separation of these clusters points to the field's transformation toward a more segmented 

structure, with clearer differentiation between application-driven research and advancements in 

material sciences. 

In addition, the more recent period shows an increase in detectable clusters. Specifically, three 

major groupings are present: (i) control systems and industrial applications (Topics 0, 4, 5), (ii) 

advanced materials and nano actuation (Topics 1, 8, 9), and (iii) energy and signal-based actuation 

systems (Topics 2, 3, 6). This emergence of clusters marks a discernible transition from a broadly 

focused research landscape to a structure that is more specialized and interdisciplinary. 

In addition, the emergence of semantically isolated topics, such as Topic 6 and Topic 10, over 

the past decade highlights the development of specialized or emerging research areas that exhibit 

minimal conceptual overlap with established domains. This trend can be linked to the adoption of 

innovative technologies, such as plasma actuators or real-time networked control systems, which are 

not yet fully assimilated within mainstream scholarly discussion. 

Overall, the comparative structural analysis of intertopic distances emphasizes a shift from a 

centrally clustered, thematically unified research environment to a more diverse and 

multidimensional configuration. This transformation mirrors the broader progression within the 

field, influenced by increasing technological complexity, advancements tailored to specific 

applications, and greater interdisciplinary integration. 

4.5.3. Topic Clustering Comparison 

To examine the evolution of semantic organization in actuator and power electronics research, 

we analyzed the hierarchical clustering of topics from two separate periods: 2005-2014 and 2015-2024. 

The dendrograms, produced using BERTopic embeddings combined with agglomerative clustering, 

demonstrate significant alterations in cluster dynamics, thematic consistency, and disciplinary 

distinctions. 

In the 2005-2014 period, the hierarchical arrangement displayed relatively limited depth, 

resulting in two main clusters. The first cluster was associated with areas such as smart materials, 

including piezoelectric and dielectric-based actuators (Topics 2 and 7). The second cluster 

encompassed system-oriented topics that focused on drive control, hydraulic mechanisms, and 

vehicle dynamics (Topics 0, 1, 3, 4, 5, and 6). The short linkage distances among system-focused topics 

indicated strong thematic alignment and conceptual cohesion. This organizational pattern implies 

that early research in this field was structurally cohesive, primarily oriented around fundamental 

engineering challenges. 

In contrast, the 2015-2024 dendrogram reveals a more intricate and hierarchically nested 

topology, marked by increased topic dispersion and greater sub-group stratification. The materials 

science cluster has evolved to include four closely related topics (Topics 1, 2, 8, and 9), which address 

advanced smart materials, such as ferroelectrics, superelastic mechanisms, and nanocomposite 

systems. This change points to greater internal complexity and diversification within material-

centered actuator research. 

Concurrently, a secondary significant cluster has formed around control systems, robotics, and 

embedded platforms, assimilating an expanded array of topics (e.g., Topics 0, 3, 4, 5, 6, 10). This 

cluster represents the surge of research on application-driven areas, encompassing robust adaptive 

controls, real-time networking (e.g., EtherCAT), and autonomous technologies. The emergence of 

additional branches and increased inter-topic distances within this cluster reflects a trend toward 

more pronounced specialization and semantic divergence in application-oriented subfields. 

Furthermore, subjects such as plasma actuators (Topic 7) and industrial communication systems 

(Topic 10), which were previously absent or only marginally represented, have now developed into 

distinct or loosely associated research areas. This trend points to the rise of new research directions 

within the field. The increased diversity of topics and the deeper hierarchical organization observed 

in the 2015–2024 period highlight a structural advancement, as the field moves from concentrating 
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on unified central issues to embracing divergent paths of innovation and fostering multidisciplinary 

collaboration. 

5. Discussions 

The results of this study demonstrate a pronounced thematic shift in actuator and power 

electronics research across the previous two decades. Between 2005–2014, efforts were primarily 

concentrated on established areas such as piezoelectric materials, adaptive control algorithms, and 

mechanical actuation systems. These areas, defined by terms like piezoelectric, adaptive, and 

hydraulic, correspond to a developmental phase where enhancing system stability, precision, and 

efficiency with established materials and approaches was the central aim. 

By contrast, research from 2015–2024 shifted towards a broader set of specialized and 

multidisciplinary subjects. Increased attention was given to novel material systems (such as graphene, 

ferroelectric, superelasticity), integration of robotics, and development of embedded industrial 

control systems. This transition highlights a surging need for actuators with multifunctionality, 

suitable for operation in increasingly complex and dynamic application environments. 

Analysis based on BERTopic modeling and clustering revealed a substantial change in the 

organizational patterns of research topics. In the earlier decade, the research landscape was 

structured around a few dominant clusters, forming a concentrated and hierarchical topology. The 

period from 2015–2024, in contrast, exhibited a more decentralized and distributed thematic structure, 

resulting in the emergence of several distinctive research clusters. These can be outlined as follows: 

• Cluster A: Advanced materials and nanostructures, 

• Cluster B: Adaptive and robust control systems, 

• Cluster C: Robotic and bio-inspired mechanisms, 

• Cluster D: Networked actuator systems and industrial communication protocols. 

The trend toward increased topic variety illustrates the advancing complexity and new 

specialization within the field, shifting away from broader research themes to innovations tailored 

for specific applications. Several original themes gained prominence during 2015–2024 that had been 

previously underexplored or only marginal in the prior decade. Noteworthy is the emergence of 

plasma actuation (plasma, discharge, tokamak) and advanced industrial network technologies 

(ethercat, ethernet), which mark expanding frontiers influenced by technology needs in fusion energy, 

aerospace, and intelligent manufacturing. The development of these areas highlights the discipline’s 

adaptability to cutting-edge industry requirements, such as extreme operating conditions, rapid data 

transmission, and autonomous system support. 

The country-level analysis demonstrated that research outputs are predominantly concentrated 

in a small number of countries, with China and the United States leading. This concentration indicates 

regional dominance in the advancement of actuator and power electronics technologies. Nonetheless, 

it also underscores possible imbalances in global knowledge exchange and collaboration. Expanding 

international partnerships and promoting inclusive innovation strategies may contribute to more 

equitable technological progress across different regions. 

Several future research directions are identified based on emerging trends: Cross-disciplinary 

integration: Future work should emphasize collaborative efforts among material science, mechanical 

engineering, and embedded systems to enable the creation of multifunctional, adaptive actuators. 

Industrial validation: Increased attention is needed on the dependability, scalability, and real-time 

performance of actuators within practical industrial environments. Sustainability focus: Future 

actuator designs should address energy consumption, recyclability, and ecological effects, 

particularly in accordance with sustainable development goals. AI integration: Employing AI 

approaches, such as predictive maintenance, autonomous calibration, and design optimization, could 

considerably improve actuator intelligence and applicability. 

The study also provides significant insights from various perspectives. Academic: The 

increasing specialization and segmentation of topics point to the necessity for integrative frameworks 
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that bridge multiple research domains. Scholars should investigate intersections between smart 

materials, embedded control methods, and robotics to manage the growing complexity of actuator 

systems. Industrial: The development of themes such as real-time communication protocols, robotics, 

and autonomous control systems defines a trajectory toward advanced manufacturing and cyber-

physical systems. Industrial stakeholders are advised to utilize these findings to shape R&D priorities 

and inform product innovation strategies for advanced actuator systems. Policy-making: The 

pronounced regional focus of research outputs emphasizes the need for global cooperation 

Policymakers are encouraged to facilitate international research alliances, fair allocation of 

innovation resources, and advance standardization to ensure interoperability of actuator 

technologies across sectors and geographies. 

By combining these academic, industry, and policy-based viewpoints, this study advances a 

holistic understanding of the actuator and power electronics research landscape and recommends 

strategic priorities for future development. 

6. Conclusions 

This study aimed to identify and analyze research trends in the fields of actuators and power 

electronics from 2005 to 2024, with emphasis on thematic evolution and structural diversification. As 

these technologies assume a pivotal role in advanced control systems, robotics, and sustainable 

energy solutions, mapping the progression of scholarly research is crucial for guiding future 

advancements. 

By employing a natural language processing-based methodology utilizing BERTopic, we 

examined 1,840 peer-reviewed abstracts sourced from the Web of Science database. Application of c-

TF-IDF weighting, intertopic distance mapping, and hierarchical clustering enabled the identification 

of principal research themes, structural dynamics, and emerging academic directions. 

Comparative topic analysis demonstrated a distinct thematic transition across the two decades. 

In 2005–2014, foundational areas such as piezoelectric actuators, adaptive control, and hydraulic 

systems predominated. However, 2015–2024 exhibited diversification, with emerging topics 

including graphene-based soft actuators, fault-tolerant energy systems, robotic mechanisms, and 

networked control systems built upon industrial protocols like EtherCAT. These developments 

highlight increased interdisciplinarity, technological advancement, and the broadening application 

landscape of actuator and power electronics research. 

BERTopic-based visualization coupled with hierarchical clustering revealed a transformation in 

topic space structure. The initial period was characterized by a centralized organization marked by 

two principal poles: control systems and material innovation. Over the recent decade, the structure 

became more fragmented and nested, encompassing semantically distinct clusters, such as advanced 

functional materials, robust control systems, robotics, and embedded industrial systems. This 

multidimensional expansion, further supported by intertopic distance mapping, evidenced a 

transition from a concentrated, cohesive research core to a more specialized, peripheral landscape. 

Instances such as plasma actuation and high-speed industrial communication systems surfaced as 

semantically distinct clusters, indicating the formation of new research frontiers. 

Hierarchical clustering confirmed the evolution of topic organization from a relatively simple 

and unified configuration to a deeper, more complex hierarchy. Earlier studies grouped topics into 

broad domains, such as system control and smart materials. In recent years, the increase in clustering 

depth and specificity reflects heightened diversity, particularly within the domains of materials 

science and control-related research. 

From a geographical perspective, the study reveals that a limited number of countries—notably 

China and the United States—have a dominant share in global research output. Although such 

concentration highlights regional leadership, it also reveals the necessity for expanded international 

cooperation to reduce technological imbalances and encourage the development of more equitable 

innovation environments. 
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Drawing on these findings, several directions for future research are recommended. There 

should be a focus on cross-disciplinary integration by combining progress in material science, control 

engineering, and embedded systems to enable the creation of multifunctional actuator technologies. 

Industrial validation should prioritize real-time performance, durability, and the scalability of 

actuators in operational contexts. Sustainability considerations must guide actuator design, aligning 

with environmental objectives such as energy efficiency and recyclability. Additionally, the adoption 

of AI-driven control systems that use machine learning and autonomous optimization could 

significantly advance predictive maintenance and adaptive actuation. 

This study further provides valuable implications for multiple sectors. For academia, the 

emergence of novel, segmented research areas signifies an increasing demand for integrated curricula 

and collaborative research models. For industry, understanding topic evolution and structural 

complexity can shape decisions on R&D priorities and facilitate technology commercialization. For 

policymakers, the results present data-backed guidance to promote international research 

collaborations, funding equity, and technology standardization within emerging actuator systems. 

In particular, the identified topic clusters align closely with innovation needs across strategic 

industries such as aerospace (e.g., plasma actuators for flow control), biomedical engineering (e.g., 

soft and stretchable actuators for rehabilitation), and smart manufacturing (e.g., distributed actuator-

control networks using industrial communication protocols). These findings suggest the necessity of 

developing targeted roadmaps that align academic progress with sector-specific R&D demands, 

thereby accelerating technology transfer and industrial implementation. 

Moreover, this research contributes valuable foresight for national and international R&D 

strategies, including those promoted under the Industry 5.0 framework and the United Nations 

Sustainable Development Goals. The revealed structural complexity and thematic emergence can 

support the formulation of funding programs and policy measures that encourage cross-border 

cooperation and responsible innovation practices. 

From a methodological perspective, future studies could extend this framework through the 

integration of LLMs to perform regression-based analysis, cross-topic influence modeling, or 

prediction of topic emergence. Such advancements could enhance the interpretability and forecasting 

power of trend analysis in complex, interdisciplinary domains. 

Nevertheless, this study presents certain limitations. The reliance on abstract-only data from the 

Web of Science may exclude relevant developments in grey literature or non-indexed sources. In 

addition, while BERTopic captures high-level topic structures, fine-grained overlaps and nuanced 

interdisciplinary connections may require hybrid or supervised techniques. Future research could 

benefit from combining full-text analysis, citation network examination, or embedding-enhanced 

bibliometric indicators to deepen insights. 

In summary, this study delivers a comprehensive longitudinal and multi-level analysis of the 

evolution of actuator and power electronics research, both in terms of themes and structural aspects. 

Through the application of text mining, topic modeling, and clustering methodologies, we introduce 

a robust framework for monitoring scientific progress in intricate, interdisciplinary technological 

domains. 
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ML Machine Learning 

EVS Electric Vehicles 

EMS Energy Management Systems 

LDA Latent Dirichlet Allocation 

NMF Non-negative Matrix Factorization 

LLM Large Language Models 
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