
1. Introduction

As environmental problems such as climate 

change, pollution, and ecosystem degradation 

grow more complex, and as society places greater 

demands on sustainability, robotics has quickly 

become important in the environmental field 

(Mazzolai et al., 2025). In areas that are difficult 

or dangerous for humans to access directly, such 

as water quality monitoring, marine surveys, air 

quality measurement, waste treatment, disaster 

response, and smart agriculture, robotics serves 

as a key tool. Environmental robotics addresses 

the spatial limitations of fixed sensors by 

enabling environmental observation across wide 

areas and supporting responses to a range of 
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environmental problems (Dunbabin and Marques, 

2012; Li and Li, 2025).

Driven by this need, environmental robotics 

research has grown rapidly in recent years. 

Autonomous systems such as unmanned aerial 

vehicles (UAVs), unmanned ground vehicles 

(UGVs), and autonomous underwater vehicles 

(AUVs) have been widely adopted in 

environmental monitoring (Tokekar et al., 2016; 

Munasinghe et al., 2024), and the integration of 

artificial intelligence and data-driven decision- 

making has moved the field beyond simple 

detection toward intelligent systems capable of 

autonomous analysis and decision support (Sung 

et al., 2023; Mazzolai et al., 2025). As a result, 

environmental robotics has expanded into an 

interdisciplinary domain that combines 

engineering, environmental science, marine 

engineering, ecology, and data science. 

To date, however, most studies have focused 

on specific technical components or individual 

application areas. Several reviews have addressed 

particular domains, such as marine robotics or 

forest robotics (Oliveira et al., 2021), but they 

tend to treat these domains separately rather 

than as one integrated field. More recently, some 

studies have applied bibliometric analysis or 

systematic literature review, yet these have also 

been confined to specific application areas such 

as swarm robotics or agricultural robots (Martin 

et al., 2022; Khaldi et al., 2025).

As a result, there is still little research that 

comprehensively shows how the field as a whole 

is structured, how its main themes have changed 

over time, and how international collaboration is 

organized. To address this gap, the present study 

analyzes the research structure and thematic 

evolution of environmental robotics by 

combining and Latent Dirichlet allocation (LDA) 

topic modeling, using literature published 

between 2016 and 2025.

The contribution of this study to the existing 

literature is threefold. First, whereas previous 

bibliometric studies and systematic reviews have 

been confined to specific application areas or 

robot types, such as swarm robotics, nuclear 

plant robots, offshore wind energy, coral reef 

monitoring, indoor air quality, and agricultural 

robots (Martin et al., 2022; Cardenas et al., 2024; 

Khaldi et al., 2025), this study treats 

environmental robotics as one integrated field 

and provides a field-level overview that has not 

been available so far. Second, this study 

combines bibliometric indicators, a country- 

level collaboration network, and LDA topic 

modeling within a single framework, so that the 

structure of the research ecosystem, the pattern 

of international collaboration, and the 

composition of research themes can be examined 

together rather than separately. Third, by 

dividing the ten-year period into an earlier and a 

later period, this study traces not only the 

current state of the field but also how its 

thematic focus and collaboration structure have 

shifted over time. Through this design, the study 

offers an empirical basis for understanding 

where environmental robotics stands as a field 

and where it is heading, which individual 

technology studies and domain-specific reviews 

have not been able to provide. The study is 

guided by the following research questions. 

(1) What growth and publication structure does 

environmental robotics research show?

(2) What are the characteristics of national 

research activity and collaboration?

(3) How are the main research themes 

composed?

(4) How have these themes changed over time?

The remainder of the paper is organized as 

follows. Section 2 reviews the concept of 

environmental robotics and related research. 

Section 3 describes the data and analytical 
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methods. Section 4 presents the results of the 

analysis. Section 5 discusses the findings, their 

implications, and the limitations of the study, 

and Section 6 concludes. 

2. Theoretical Background and Literature Review

2.1. The concept, characteristics, and research 

areas of environmental robotics

Environmental robotics refers broadly to the 

various robotic systems used to collect and 

manage environmental information or to address 

environmental problems. These include 

underwater and surface robotics, mobile ground 

robotics, unmanned aerial vehicles (UAVs), 

autonomous underwater vehicles (AUVs), and 

fixed automation devices (Dunbabin and 

Marques, 2012; Mazzolai et al., 2025). Because 

these systems can obtain data through sensors 

and move and carry out tasks on their own, they 

are designed to operate reliably even in 

environments that are difficult for humans to 

access. 

The characteristics of environmental robotics 

can be summarized as follows. First, a high level 

of adaptability and autonomy is required. In 

unstructured spaces such as oceans, forests, 

disaster sites, the deep sea, and polar regions, 

constraints such as limited communication, low 

visibility, and complex terrain are common, so 

reliable autonomous operation is essential 

(Wong et al., 2018; Wijayathunga et al., 2023). 

Second, the field is strongly interdisciplinary. 

Environmental robotics has developed into a 

convergent field that draws not only on robotics 

engineering but also on environmental science, 

ecology, marine engineering, data science, and 

artificial intelligence, and machine learning and 

probabilistic decision-making methods have 

become increasingly important in collecting, 

analyzing, and predicting environmental data 

(Sung et al., 2023; Mazzolai et al., 2025). Third, 

the field has strong public value and social 

impact. Because it is directly connected to public 

goals such as pollution monitoring, disaster 

response, climate change monitoring, and 

ecosystem conservation, it has strong potential 

to link with policy and industry. Fourth, recent 

environmental robotics has moved beyond 

simple detection and data collection toward 

intelligent systems with autonomous analysis and 

decision-making capabilities (Das et al., 2015; 

Tokekar et al., 2016; Munasinghe et al., 2024). 

The research areas of environmental robotics 

are broadly distributed according to the 

operating environment and robot type. In the 

marine and underwater domain, marine 

ecosystem monitoring and data-driven sampling 

using autonomous underwater vehicles are 

representative (Das et al., 2015; Cardenas et al., 

2024), while in agriculture, precision agriculture 

data collection based on cooperation between 

UAVs and UGVs has been actively studied 

(Tokekar et al., 2016; Munasinghe et al., 2024). 

In forestry, robotic applications for tree 

exploration and ecological monitoring have 

been addressed (Oliveira et al., 2021; Angelini et 

al., 2023), and the scope continues to expand 

into areas such as water quality monitoring, air 

quality measurement, waste treatment, and 

disaster response. In this way, environmental 

robotics has been discussed in the literature not 

as a single technical area but as a convergent 

research field spanning multiple application 

areas and robot types. 

In this study, the term environmental robotics 

is used in two senses that should be kept distinct. 

Analytically, it serves as an umbrella category 

defined a priori to integrate application areas 

that previous research has treated separately, 

and this definition determines the scope of the 

dataset described in Section 3.2. Whether 

environmental robotics also behaves empirically 

as a distinct interdisciplinary research field, with 
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its own growth pattern, publication venues, 

collaboration structure, and thematic identity, is 

treated as an empirical question to be answered 

by the analyses, not as an assumption. 

2.2. Review of related studies 

Prior research on environmental robotics can 

be broadly divided into studies centered on 

individual technologies and applications, and 

studies that quantitatively analyze research trends. 

Regarding studies centered on individual 

technologies and applications, this stream 

focuses on the functional implementation of 

robotic systems, such as sensor technology, 

autonomous mobility, environmental perception, 

path planning, and data collection algorithms, 

or on the feasibility of robotics in specific areas 

such as marine exploration, precision agriculture, 

and disaster response. For example, Sung et 

al.(2023) systematically analyzed decision-based 

approaches in environmental monitoring 

robotics, while Das et al.(2015) and Tokekar et 

al.(2016) presented concrete application cases in 

marine ecosystem monitoring and precision 

agriculture, respectively. Dunbabin and Marques 

(2012) also provided an integrated overview of 

robotics technologies and applications for 

environmental monitoring. However, because 

such research is limited to improving the 

performance of individual technologies or to 

specific application areas, it is limited in 

showing the overall research trends and thematic 

structure of environmental robotics. 

Regarding studies that quantitatively analyze 

research trends, some research in the 

environmental and robotics fields has used 

bibliometric analysis and systematic literature 

review. Among bibliometric studies, Khaldi et al. 

(2025) analyzed trends in applying swarm 

robotics to UAV, AUV, and unmanned surface 

vehicle (USV) based environmental monitoring, 

ecological restoration, agricultural management, 

and disaster response, and Zhang et al.(2025) 

identified four core research clusters in nuclear 

power plant mobile robot research: design, 

protection, perception, and path planning. 

Pussaignolli de Paula et al.(2025) used Scopus to 

classify research applying artificial intelligence 

and robotics to offshore wind energy into eight 

clusters. Among systematic literature reviews, 

Cardenas et al.(2024) examined the potential of 

robots, artificial intelligence, and autonomous 

underwater vehicles for coral reef conservation 

and restoration, Saini et al.(2025) followed the 

PRISMA procedure to analyze ground robot 

systems for indoor air quality measurement, and 

Martin et al.(2022) comprehensively analyzed 

how the introduction of agricultural robots 

affects labor and farm structure. 

As shown above, bibliometric analysis and 

systematic literature review have already been 

used to identify research trends in the 

environmental and robotics fields. However, the 

studies reviewed here share two limitations. 

First, each of them covers only a specific 

application area or robot type, such as swarm 

robots, nuclear plant mobile robots, offshore 

wind energy, coral reef monitoring, indoor air 

quality, or agricultural robots, so their findings 

cannot be combined into a picture of 

environmental robotics as a whole. Second, few 

of them trace how research themes change over 

time, since most provide a cross-sectional map 

of one area at one point in time. These two 

limitations define the gap identified in Section 1 

and lead directly to the four research questions 

of this study, which concern the overall structure 

of the field (RQ1), national research activity and 

collaboration (RQ2), and the composition (RQ3) 

and temporal change (RQ4) of its main research 

themes. 
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3. Materials and Methods 

3.1. Research framework 

This study designed a research framework that 

combines bibliometric analysis and LDA topic 

modeling to analyze the publication structure, 

international collaboration, and thematic 

evolution of environmental robotics research 

together. The two methods address different 

aspects in a complementary way. Bibliometric 

analysis is used to quantitatively capture the 

structural characteristics of the research 

ecosystem, such as publication output, citation 

patterns, journal distribution, and international 

collaboration networks (Donthu et al., 2021), 

while LDA topic modeling is used to extract 

latent research themes from a large body of 

literature and to examine how they change (Blei 

et al., 2003). 

Through this combined approach, this study 

analyzes the publication structure and 

international collaboration of the field using 

bibliometric analysis, and the composition and 

change of the main themes using LDA topic 

modeling. The overall research process is shown 

in Fig. 1. 

3.2. Data collection 

The data were collected from Scopus on April 

15, 2026, and the analysis period was set from 

2016 to 2025. Scopus was selected as the single 

data source for three reasons. First, Scopus 

provides broader journal coverage than Web of 

Science, particularly in engineering and the 

environmental sciences, and nearly all journals 

indexed in Web of Science are also indexed in 

Scopus, so the risk of missing literature covered 

by the other major citation database is limited 

(Mongeon and Paul-Hus, 2016; Singh et al., 

2021). Second, Scopus provides standardized 

bibliographic fields for authors, affiliations, and 

citations, which supports the consistent 

construction of country-level collaboration 

networks and citation indicators. Third, relying 

Fig. 1. Overall research process. 
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on a single database avoids the record-matching 

and duplicate-handling errors that arise when 

records from databases with different field 

structures are merged, which improves the 

transparency and reproducibility of the analysis 

(Donthu et al., 2021). 

To clearly capture robotics-related research, 

the search targeted documents whose titles 

contain robot*. To limit the scope to 

environmental research, the Scopus subject area 

was restricted to Environmental Science. To limit 

the dataset to peer-reviewed research outputs, 

the document type was restricted to journal 

articles, and the language was limited to English. 

The search query was as follows. 

TITLE(robot*) AND (LIMIT-TO(SUBJAREA, "ENVI")) 

AND (LIMIT-TO(DOCTYPE, "ar")) AND (LIMIT-TO 

(LANGUAGE, "English")) 

The search strategy was designed to capture 

research in which robotics is the primary subject 

and which is classified within environmental 

science. Restricting robot* to article titles 

ensures that robotics is the central topic of each 

retrieved study rather than an incidental 

mention, and restricting the subject area to 

Environmental Science limits the dataset to 

research positioned within the environmental 

science literature. This operationalization 

deliberately trades recall for precision: studies 

on platforms such as UAVs, AUVs, or drones that 

are indexed only under Engineering or Computer 

Science, or that mention robotics only in 

abstracts or keywords, fall outside the scope of 

this study. The findings should therefore be read 

as describing environmental robotics research as 

it is represented in the environmental science 

literature, rather than the entire technical 

literature on robotic platforms. 

The starting point of 2016 was chosen 

because, around this time, artificial intelligence 

technologies such as deep learning began to be 

adopted in robotics in earnest, which substantially 

improved the autonomy and data-processing 

capabilities of robots. Around 2015 and 2016, 

the robotics community began to embrace deep 

learning as a core tool (Sünderhauf et al., 2018), 

and this technological advance also influenced 

the expansion of environmental robotics research. 

The query, together with the built-in Scopus 

restrictions to journal articles written in English 

within the Environmental Science subject area, 

returned 1,246 unique records; duplicate records 

are removed automatically by Scopus at retrieval. 

All retrieved records were retained and no 

additional manual exclusion was applied, so the 

final dataset comprises the 1,246 retrieved 

articles. The inclusion criteria are therefore fully 

operationalized by the query itself: robot* in the 

article title, the Environmental Science subject 

area, the journal-article document type, and the 

English language. 

For the period comparison, the ten-year 

window was divided a priori into two equal 

five-year periods, an earlier period (2016 to 

2020) and a later period (2021 to 2025). This split 

was specified as a design choice before the 

analyses were conducted, in order to compare 

the first and second halves of the window with 

equal length, and was not selected post hoc from 

the data. Descriptively, the boundary also 

coincides with the point from which 

Descriptively, annual output ranged from 30 to 

104 papers in the earlier period and from 136 to 

210 papers in the later period. 

All bibliometric analyses in Sections 4.1 to 4.4 

(publication and citation trends, journal 

distribution, country patterns, and collaboration 

networks) are based on the full dataset of 1,246 

articles. The LDA analyses in Section 4.5, 

including the comparison of topic proportions 

between periods, are based on 1,241 articles 

after excluding five records without abstracts; of 

these, 353 belong to the earlier period and 888 

to the later period. 
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3.3. Bibliometric analysis 

In the bibliometric analysis, the following 

indicators were used to analyze the quantitative 

scale and academic structure of environmental 

robotics research. First, the annual numbers of 

publications and citations were used to examine 

research productivity and academic influence. 

The journal distribution shows which journals 

the research is published in and was used to 

understand the structure of the research ecosystem 

and the pattern of research diffusion (Donthu et 

al., 2021). Annual citation counts denote the 

number of citations received in each calendar 

year by the papers in the dataset, as recorded in 

the Scopus citation overview at the time of data 

collection; the yearly counts sum to the 16,070 

citations accumulated by the 1,246 papers. 

Journal concentration was measured with the 

Herfindahl-Hirschman Index (HHI), a classical 

measure of how unevenly a quantity is distributed 

across the elements of a system (Hirschman, 

1964). After normalizing journal names, the 

index was computed as the sum of squared 

percentage shares, HHI = Σ sᵢ², where sᵢ is the 

percentage share of journal i in total publications 

or, alternatively, in total citations. On this scale 

the index ranges from a theoretical minimum of 

10,000/n under perfect dispersion (about 41.7 

for the 240 journals in this dataset) to 10,000 

when all papers are concentrated in a single 

journal. Following the benchmark thresholds 

commonly applied to the index, values below 

1,500 indicate an unconcentrated distribution, 

values between 1,500 and 2,500 moderate 

concentration, and values above 2,500 high 

concentration (U.S. Department of Justice and 

Federal Trade Commission, 2010). This study 

computed the HHI based on both publication 

counts and citation counts, so that the 

quantitative and qualitative aspects of the 

journal distribution could be read together. In 

addition, citations per publication (CPP) and the 

H-index were used to compare the influence of 

individual journals. 

To analyze national research activity and the 

structure of international collaboration, a 

country-level co-authorship network was 

constructed. To understand the position and role 

of each country within the collaboration 

structure, four network centrality indicators 

were used (Börner et al., 2003). Degree centrality 

measures the number of countries a given 

country is directly connected to. Betweenness 

centrality measures the extent to which a 

country acts as a bridge along collaboration 

paths. Closeness centrality measures the average 

proximity of a country to all others. Eigenvector 

centrality measures the degree of connection to 

influential countries. These indicators have been 

widely used in science mapping research to 

analyze the structural characteristics of research 

ecosystems (Zupic and Čater, 2015; Aria and 

Cuccurullo, 2017). 

3.4. LDA topic modeling

To analyze the main thematic structure of 

environmental robotics research, LDA (Latent 

Dirichlet Allocation) based topic modeling was 

performed. LDA is a probabilistic technique that 

assumes each document is a mixture of latent 

topics and derives the hidden thematic structure 

of documents through the probability distribution 

of the words that make up each topic (Blei et al., 

2003). 

The titles, abstracts, and keywords of the papers 

were used in the analysis. In the preprocessing 

stage, stopwords were removed and terms were 

normalized, and the LDA model was then 

applied to derive the main topics. The optimal 

number of topics was selected by comparing 

model fit based on the coherence score, together 

with the distinguishability of topics and the 

clarity of their interpretation (Röder et al., 2015). 

Each derived topic was interpreted around the 
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core keywords that compose it, and topic 

distributions were compared between the earlier 

and later periods. 

The LDA model was estimated with Gensim, 

using 20 passes over the corpus, 400 iterations 

per document chunk, a chunk size of 50, priors 

learned from the data (alpha and eta set to auto), 

and a fixed random seed of 42 for reproducibility. 

A single LDA model was fitted to the entire 

corpus of 1,241 documents, and the average 

topic proportions of the documents published in 

each period (353 in the earlier period and 888 in 

the later period) were then compared. The 

period comparison is therefore described 

throughout as differences in topic proportions 

between the two periods, rather than as 

differences between separately fitted models. 

All data preprocessing and analyses were 

conducted in a Python environment. All analytical 

decisions, including the search strategy, the 

selection of bibliometric indicators, the 

specification of the collaboration network, and 

the choice of the number of topics, were made 

by the authors. The generative artificial 

intelligence Claude Opus 4.8 (Anthropic) was 

used to assist in drafting the Python code for the 

bibliometric indicators, the collaboration network 

construction, and the LDA pipeline, and in 

formatting the tables of results. All code was 

reviewed, executed, and verified by the authors, 

and the interpretation and validation of every 

analytical result were carried out solely by the 

authors. 

4. Results 

4.1. Publication and citation trends 

An analysis of the annual number of 

publications in environmental robotics research 

shows that it grew from 30 papers in 2016 to 210 

papers in 2025, an increase of about seven times. 

The total number of papers over the analysis 

period is 1,246, and more than 100 papers have 

been published each year since 2020. The 

compound annual growth rate (CAGR) was 24.1% 

over the entire period, 36.4% in the earlier 

period (2016 to 2020), and 11.5% in the later 

period (2021 to 2025). This shows that the 

research base formed quickly at first, and then, 

while the absolute scale kept growing, the pace 

of growth gradually stabilized in the later period 

(Fig. 2). 

Fig. 2. Annual number of publications (2016-2025).
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An analysis of the annual number of citations 

shows that the academic influence of 

environmental robotics research has steadily 

expanded. 

The number of citations received per year by 

the papers in the dataset increased from 5 in 

2016 to 5,668 in 2025, with a marked rise after 

2020 (Fig. 3). 

4.2. Journal distribution and changes between 

periods 

Environmental robotics research was published 

across a total of 240 journals. The Herfindahl- 

Hirschman Index was 505.61 based on 

publication counts and 790.42 based on citation 

counts. Both values are far below the 1,500 

threshold for an unconcentrated distribution 

and close to the dispersed end of the scale, 

which means that the research is not 

concentrated in a few journals but is published 

widely across many journals. 

The top 10 journals by publication count are 

shown in Table 1. Among the journals that are 

high in both publication output and citation 

influence, Sustainability ranks first in the 

number of papers (175), the number of citations 

(3,023), and the H-index (30), making it a leading 

journal with both productivity and influence. 

Ocean Engineering (155 papers) and Journal of 

Marine Science and Engineering (94 papers) also 

rank high in both publications and citations, 

leading the accumulation of research in marine 

and underwater robotics. The International 

Journal of Environmental Research and Public 

Health (66 papers) has a high number of 

citations per publication (21.4) and shows strong 

influence in the environmental and public health 

area, while the Journal of Cleaner Production 

has the highest CPP among the top 10 journals at 

45.2, showing strong influence in the cleaner 

production and sustainability area. 

Taken together, the topics of the top 10 

journals show that environmental robotics 

research is concentrated in three areas. The first 

is the environment and sustainability area, 

centered on Sustainability and the Journal of 

Cleaner Production. The second is the marine 

and underwater robotics area, centered on 

Fig. 3. Annual number of citations received by the papers in the dataset (2016-2025).
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Ocean Engineering and the Journal of Marine 

Science and Engineering. The third is the 

engineering area, which includes journals such 

as SN Applied Sciences and the Chemical 

Engineering Journal. This shows that 

environmental robotics research is formed around 

three axes: environment and sustainability, 

marine and underwater, and engineering. 

A comparison of the two periods shows a clear 

shift in the central topics of the research. The 

number of journals grew from 86 in the earlier 

period (2016 to 2020) to 198 in the later period 

(2021 to 2025), and the number of papers grew 

from 356 to 890, so the research spread into a 

wider range of academic areas. Citations also 

rose from 5,889 in the earlier period to 10,181 in 

the later period, showing that academic influence 

grew along with the quantitative growth. 

In the earlier period, research was centered on 

engineering-based journals such as the 

International Journal of Engineering and 

Technology (UAE) (46 papers) and the International 

Journal of Engineering and Advanced Technology 

(31 papers), which reflects the stage that built 

the technical foundation of environmental 

robotics. At the same time, Sustainability (CPP 

28.2) and Ocean Engineering (CPP 49.8) had a 

small number of papers but high citations per 

publication, and the basis for influence in the 

environmental and marine areas began to form. 

In the later period, journals in the environment, 

sustainability, and marine areas came to lead the 

research. Sustainability (141 papers), Ocean 

Engineering (134 papers), Journal of Marine 

Science and Engineering (85 papers), and the 

International Journal of Environmental Research 

and Public Health (52 papers) took the top 

positions, and they showed strong results not 

only in publication count but also in citations 

and H-index. In particular, the H-index of 

Sustainability rose from 18 in the earlier period 

to 23 in the later period, and that of Ocean 

Engineering rose from 17 to 21, indicating 

stronger influence. This shift shows that the 

central topics moved from engineering-based 

technical implementation toward environmental 

management, sustainability, and marine and 

underwater applications, and that environmental 

robotics research has grown beyond its technical 

foundation into interdisciplinary research 

spanning the environment, sustainability, and 

marine areas (Table 2, Table 3). 

Journal
Papers 

(n)
Papers 

(%)
Citations 

(n)
Citations 

(%)
CPP H-index

Sustainability 175 14.0 3,023 18.8 17.3 30

Ocean Engineering 155 12.4 2,358 14.7 15.2 26

Journal of Marine Science and Engineering 94 7.5 1,016 6.3 10.8 18

Int. J. of Environmental Research and Public Health 66 5.3 1,411 8.8 21.4 20

Int. J. of Engineering and Technology 46 3.7 142 0.9 3.1 7

SN Applied Sciences 40 3.2 349 2.2 8.7 9

Chemical Engineering Journal 39 3.1 401 2.5 10.3 12

Int. J. of Engineering and Advanced Technology 31 2.5 45 0.3 1.5 4

Journal of Cleaner Production 28 2.2 1,265 7.9 45.2 18

Discover Applied Sciences 20 1.6 77 0.5 3.9 4

Table 1. Major journals in environmental robotics research (top 10 by publication)
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4.3. National publication and citation patterns 

A total of 92 countries and territories, counted 

as recorded in the Scopus affiliation data (Hong 

Kong, Macao, and Taiwan are counted 

separately), published environmental robotics 

research over the analysis period. The top five 

countries by publication count are China (437 

papers, 35.1%), India (114 papers, 9.1%), the 

United States (98 papers, 7.9%), South Korea (81 

papers, 6.5%), and the United Kingdom (72 

papers, 5.8%). China stands out among them, as 

it ranks first not only in the number of 

publications but also in citations (5,877) and 

H-index (38), which means it leads both research 

output and cumulative influence. The United 

States, South Korea, and the United Kingdom 

pair a solid publication volume with a high 

number of citations per publication (CPP) of 

17.7, 18.7, and 20.6, so they hold a good balance 

between productivity and influence. 

Several countries outside the top five also 

show clear strengths. Italy and Spain have a 

smaller publication volume, but their CPP values 

of 22.0 and 20.8 are higher than those of some 

top-five countries, which shows strong academic 

impact from a limited number of papers. 

Germany has a stable research base with 47 

papers and an H-index of 16, and Japan shows 

steady performance with a CPP of 12.5. 

These patterns become clearer when the 

countries are grouped by continent. Asian 

countries are strong in publication volume, as 

China, India, South Korea, Japan, and Malaysia 

all appear in the upper ranks and drive the 

quantitative growth of the field. European 

countries are strong in influence per paper, as 

the United Kingdom, Spain, Italy, and Germany 

lead in CPP. In North America, the United States 

stays in the top ranks for both publications and 

citations, which keeps it balanced across the two 

measures (Table 4). 

The picture also changes over time. In the 

earlier period (2016 to 2020), the top five 

countries by publication count were India (72 

Journal
Papers 

(n)
Papers 

(%)
Citations 

(n)
Citations 

(%)
CPP H-index

Int. J. of Engineering and Technology 46 12.9 142 2.4 3.1 7

Sustainability 34 9.6 958 16.3 28.2 18

Int. J. of Engineering and Advanced Technology 31 8.7 45 0.8 1.5 4

SN Applied Sciences 25 7.0 276 4.7 11.0 9

Ocean Engineering 21 5.9 1,045 17.7 49.8 17

Table 2. Top 5 journals by publication (2016 to 2020) 

Journal
Papers

(n)
Papers 

(%)
Citations

(n)
Citations 

(%)
CPP H-index

Sustainability 141 15.8 2,065 20.3 14.6 23

Ocean Engineering 134 15.1 1,313 12.9 9.8 21

Journal of Marine Science and Engineering 85 9.6 760 7.5 8.9 16

Int. J. of Environmental Research and Public Health 52 5.8 795 7.8 15.3 17

Chemical Engineering Journal 39 4.4 401 3.9 10.3 12

Table 3. Top 5 journals by publication (2021 to 2025) 
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papers), China (47 papers), the United States (35 

papers), South Korea (30 papers), and Malaysia 

(24 papers). China, South Korea, and the United 

States already showed high influence per paper 

in this period, with CPP values of 28.0, 24.7, and 

20.9, so they laid a strong research base early on. 

In the later period (2021 to 2025), the top five 

were China (390 papers), the United States (63 

papers), the United Kingdom (58 papers), South 

Korea (51 papers), and India (42 papers). China 

moved into a clear leading position in both 

quantity and influence, accounting for 43.8% of 

publications and 44.8% of citations, while the 

United Kingdom newly entered the top ranks and 

kept a high CPP of 18.7. 

The continental pattern shifts in a similar way. 

Asian countries led the top ranks in the earlier 

period, and in the later period China drove the 

growth of Asia while North American and 

European countries such as the United States and 

Country Papers (n) Papers (%) Citations (n) Citations (%) CPP H-index

China 437 35.1 5,877 36.6 13.4 38

India 114 9.1 906 5.6 7.9 15

United States 98 7.9 1,738 10.8 17.7 24

South Korea 81 6.5 1,517 9.4 18.7 19

United Kingdom 72 5.8 1,486 9.2 20.6 21

Spain 48 3.9 1,000 6.2 20.8 19

Italy 47 3.8 1,035 6.4 22.0 18

Germany 47 3.8 768 4.8 16.3 16

Malaysia 45 3.6 261 1.6 5.8 8

Japan 40 3.2 499 3.1 12.5 14

Table 4. Top 10 countries by publication (2016 to 2025) 

 

Country Papers (n) Papers (%) Citations (n) Citations (%) CPP H-index

India 72 20.2 340 5.8 4.7 11

China 47 13.2 1,317 22.4 28.0 18

United States 35 9.8 733 12.4 20.9 14

South Korea 30 8.4 740 12.6 24.7 12

Malaysia 24 6.7 81 1.4 3.4 4

Table 5. Top 5 countries by publication (2016 to 2020)

 

Country Papers (n) Papers (%) Citations (n) Citations (%) CPP H-index

China 390 43.8 4,560 44.8 11.7 31

United States 63 7.1 1,005 9.9 16.0 19

United Kingdom 58 6.5 1,085 10.7 18.7 19

South Korea 51 5.7 777 7.6 15.2 15

India 42 4.7 566 5.6 13.5 11

Table 6. Top 5 countries by publication (2021 to 2025) 
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the United Kingdom remained steady in the 

upper ranks. The number of publishing 

countries also grew from 61 in the earlier period 

to 87 in the later period, so more countries came 

to take part in environmental robotics research 

over time (Table 5, Table 6). 

4.4. International collaboration network 

A collaboration network based on co- 

authorship between countries was constructed 

to analyze the international collaboration 

structure of environmental robotics research. 

The co-authorship network comprises 83 

countries (network nodes) and 644 collaboration 

links. Of the 92 publishing countries and 

territories, 83 published at least one 

internationally co-authored paper during the full 

period and therefore appear as nodes in the 

overall collaboration network; the remaining 

nine published only single-country papers and 

have no collaboration links. The period 

networks introduced below include only the 

countries with at least one international 

collaboration link within the respective period, 

which yields 46 countries in the earlier period 

and 81 in the later period. The overall structure 

of the network is shown in Fig. 4. 

In Fig. 4, node size is proportional to each 

country’s number of publications, node color 

indicates its region, edge thickness is proportional 

to the number of co-authored papers, and 

countries that collaborate intensively are placed 

closer together by the force-directed layout. 

China appears as the largest node and is 

joined to the United States and the United 

Kingdom by thick links, which shows that it 

carries out active joint research. European 

countries such as Germany, Italy, Spain, and the 

Netherlands are densely connected at the center 

of the network, which shows that Europe forms 

the core of international collaboration. 

To understand the position and role of each 

country within the collaboration structure, four 

network centrality measures were analyzed. By 

degree centrality, China (0.561) and the United 

Kingdom (0.561) were the highest, and Germany 

(0.549) and Italy (0.537), which are outside the 

top five by publication count, also showed high 

centrality. This shows that the United Kingdom, 

Germany, and Italy are core countries that 

collaborate directly with many partners, beyond 

what their publication volume alone would 

suggest. 

By betweenness centrality, China (0.123) was 

followed by Germany (0.101) and Italy (0.095). 

Betweenness centrality reflects how much a 

country acts as a bridge that connects different 

countries, so these results show that the 

European countries serve as hubs that link many 

partners in international joint research. By 

closeness centrality, the United Kingdom (0.685), 

China (0.679), and Germany (0.679) were high, 

which means they are on average close to other 

countries. By eigenvector centrality, the United 

Kingdom (0.355) and China (0.338) were high, 

which means they are closely connected to 

influential countries (Table 7). 

The change in the collaboration network over 

time shows both a growth in scale and a change 

in the central countries. In terms of scale, the 

co-authorship network grew quickly, from 46 

countries and 78 links in the earlier period to 81 

countries and 615 links in the later period, an 

increase of about eight times in the number of 

links. This shows that international joint research 

in environmental robotics became much more 

active in the later period. 

Because the two period networks differ 

substantially in size and density, centrality values 

are not directly comparable across periods, and 

they are interpreted here as the relative 

structural positions of countries within each 

period rather than as absolute quantities. To 

characterize the growth of the network itself, 
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Fig. 4. International collaboration network (2016-2025). 
Nodes represent countries: node size is proportional to the number of publications, and node color indicates the 
region (East and Southeast Asia, South Asia and the Middle East, North America, Europe, and Oceania; gray denotes 
other regions). Edge thickness is proportional to the number of co-authored papers between two countries. The 
layout is force-directed, so spatial proximity reflects the intensity of collaboration rather than geographic location.

 

Country Papers Degree Betweenness Closeness Eigenvector

China 437 0.561 0.123 0.679 0.338 

United Kingdom 72 0.561 0.087 0.685 0.355 

Germany 47 0.549 0.101 0.679 0.290 

Italy 47 0.537 0.095 0.673 0.248 

United States 98 0.524 0.048 0.661 0.294 

Netherlands 13 0.476 0.030 0.640 0.203 

Spain 48 0.463 0.034 0.635 0.275 

Canada 17 0.451 0.006 0.629 0.221 

Australia 22 0.439 0.036 0.610 0.159 

Denmark 14 0.415 0.004 0.605 0.164 

Table 7. Top 10 countries by degree centrality (2016 to 2025) 
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network-level indicators were computed: 

network density rose from 0.075 in the earlier 

period to 0.190 in the later period, and the 

average degree rose from 3.4 to 15.2 collaboration 

partners per country (full-period network: 

density 0.189, average degree 15.5). The roughly 

eightfold growth in links therefore reflects both 

the entry of new countries into the network and 

a marked densification of collaboration among 

existing participants, and the changes in country 

rankings below should be read against this 

background of overall network growth. 

The set of central countries also changed 

across the different centrality measures. In the 

earlier period, the United Kingdom led in degree 

centrality (0.289), followed by Italy, China, 

Germany, and the United States. In the same 

period, betweenness centrality was highest for 

the United Kingdom (0.270), China (0.268), and 

the United States (0.260), and eigenvector 

centrality was led by Italy (0.438) and the United 

Kingdom (0.436), so European countries together 

with China formed the center of the early 

collaboration network (Table 8). In the later 

period, China (0.550) and the United Kingdom 

(0.550) rose to a shared first place in degree 

centrality, followed by the United States, 

Germany, and Italy. China also recorded the 

highest betweenness centrality (0.185), while the 

United Kingdom led in closeness (0.667) and 

eigenvector centrality (0.336), which shows that 

China became a strong direct collaborator and 

bridge, and that the United Kingdom remained 

closely tied to influential partners (Table 9). 

Overall, the United States moved up from fifth to 

third in degree centrality, and China rose from 

third to a shared first, securing a core position in 

the collaboration network as well as in 

productivity, while the United Kingdom stayed at 

the top across both periods. 

4.5. Major research topics of environmental 

robotics 

LDA topic modeling was performed to identify 

the main thematic structure of environmental 

robotics research. Because topic modeling relies 

on abstracts as a key input, the analysis was 

conducted on 1,241 papers, after excluding 5 of 

Country Papers Degree Betweenness Closeness Eigenvector

United Kingdom 14 0.289 0.270 0.478 0.436 

Italy 17 0.267 0.213 0.433 0.438 

China 47 0.244 0.268 0.457 0.325 

Germany 12 0.200 0.212 0.419 0.202 

United States 35 0.133 0.260 0.415 0.122 

Table 8. Top 5 countries by degree centrality (2016 to 2020) 

 

Country Papers Degree Betweenness Closeness Eigenvector

China 390 0.550 0.185 0.656 0.329 

United Kingdom 58 0.550 0.102 0.667 0.336 

United States 63 0.538 0.050 0.650 0.296 

Germany 35 0.513 0.062 0.656 0.295 

Italy 30 0.488 0.048 0.629 0.240 

Table 9. Top 5 countries by degree centrality (2021 to 2025)
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the 1,246 retrieved records that did not provide 

an abstract. To determine the number of topics 

(K), coherence scores (C_v) were compared over 

a range from K = 2 to K = 12 (Fig. 5). The raw 

coherence score was highest at K = 3 (0.4677) 

and K = 2 (0.4608), but inspection of these 

solutions showed that they merge clearly distinct 

application areas, such as underwater control, 

bio-inspired robotics, and sensing, into a small 

number of overly broad topics, a known 

tendency of coherence measures at very small K. 

Among the models with adequate granularity (K 

= 4 to 12), the coherence score was highest at K = 

5 (0.3836), and this solution also separated the 

five application-oriented themes most clearly, so 

five topics were adopted. A solution was 

regarded as distinguishable when every topic 

could be labeled by a distinct application area 

and no core keyword was shared across topics. At 

K = 4, the bio-inspired and sensing themes 

merged and the algorithm and energy themes 

merged, whereas K = 5 was the smallest solution 

in which all themes were fully separated. The 

stability of the five-topic solution was assessed 

by re-estimating the model with ten different 

random seeds: the coherence score averaged 

0.363 (SD 0.027), and the three most stable 

themes (service and human-robot interaction, 

underwater robot control, and industrial and 

energy optimization) reappeared in most runs, 

while the word composition of the two smaller 

themes varied across runs, reflecting the 

stochastic nature of LDA. The reported solution 

is fully reproducible with the fixed random seed. 

The five topics and their core keywords are 

shown in Table 10. 

By overall proportion, T5 is the largest at 

27.8%, followed by T1 (19.5%), T3 (18.6%), T4 

(17.8%), and T2 (16.3%). Each topic can be read 

from the perspective of environmental robotics 

as follows. 

T1 (service and human-robot interaction) has 

the core keywords service, human, and 

technology, and the keyword sustainable is also 

included, so it covers sustainable robot services 

and the interactions involved in settings where 

people and robots act together. Research on 

robots that cooperate with people and perform 

services in living spaces and urban environments 

belongs here. 

Fig. 5. Coherence score for selecting the number of topics (K).
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T2 (sensor- and arm-based operation) has the 

core keywords sensor and arm, and the keyword 

monitoring is included, so it covers technology 

that collects information from the surroundings 

through sensors and carries out precise tasks 

with robotic arms. It connects to applications 

that collect data and perform tasks at monitoring 

sites, such as pollution measurement, sample 

collection, and field inspection. 

T3 (underwater robot control and motion) has 

the core keywords control, underwater, and 

motion, and dynamic and trajectory are also 

included, so it covers the trajectory control and 

dynamics-based motion control of autonomous 

underwater vehicles (AUVs) used in marine 

exploration. The focus is on technology that 

allows robots to move reliably and carry out 

environmental observation and ecosystem 

surveys in marine and underwater settings where 

communication and observation are limited, so 

this topic is the most closely tied to marine and 

underwater environmental research within 

environmental robotics. The weight of control 

(0.050) is clearly higher than the core keywords 

of the other topics, which shows that control 

technology forms the center of this theme.

T4 (industrial and energy optimization) has 

the core keywords energy, industrial, and 

mobile, and environmental and autonomous are 

also included, so it covers research that 

optimizes robot task allocation and energy 

efficiency in industrial settings. Research that 

improves the efficiency of robot operation 

within limited energy and resources belongs 

here, and it also connects to efficient operation 

that reduces environmental burden. 

T5 (algorithms and bio-inspired robotics) has 

the core keywords algorithm, time, and fish, and 

design and environment are also included, so it 

covers bio-inspired robots that imitate the 

movement of natural organisms and the 

algorithms that control them. A representative 

example is an underwater robot modeled on a 

fish, designed to move and observe efficiently 

while adapting to the natural environment.

In this way, environmental robotics research is 

formed across five thematic areas: service, 

sensor-based operation, underwater exploration, 

industry and energy, and algorithms. In particular, 

keywords directly tied to the environment appear 

across several topics, such as sustainable in T1, 

monitoring in T2, environmental in T4, and 

environment in T5, which shows that 

environmental robotics is not a single technology 

but a convergent research field that combines 

several application areas and technical elements 

for solving environmental problems. 

A comparison of topic proportions between 

Topic Proportion Theme Core keywords (weight)

T1 19.5%
Service and human-robot 
interaction

service (0.022), human (0.020), technology (0.018), industry (0.014), 
sustainable (0.014) 

T2 16.3%
Sensor- and arm-based 
operation

sensor (0.016), arm (0.014), patient (0.011), training (0.009), 
monitoring (0.008) 

T3 18.6%
Underwater robot control 
and motion

control (0.050), underwater (0.025), motion (0.021), dynamic (0.019), 
trajectory (0.015) 

T4 17.8%
Industrial and energy 
optimization

energy (0.021), industrial (0.018), mobile (0.015), environmental (0.012), 
autonomous (0.012) 

T5 27.8%
Algorithms and bio-inspired 
robotics

algorithm (0.019), time (0.014), fish (0.013), design (0.013), 
environment (0.012) 

Table 10. Five major research topics derived from LDA topic modeling 
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the earlier period (2016 to 2020) and the later 

period (2021 to 2025) shows clear differences in 

topic proportions between the two periods. 

In the earlier period, T5 (algorithms and 

bio-inspired robotics) had the largest share at 

33.1%, which shows that early research focused 

on developing robot control algorithms and 

foundational technologies. In the later period, 

the share of T5 fell to 25.7%, while the share of 

T3 (underwater robot control and motion) grew 

sharply from 12.7% to 20.9%. T4 (industrial and 

energy optimization) also rose from 15.3% to 

18.8%, while T1 (20.4% to 19.1%) and T2 (18.4% 

to 15.4%) declined slightly. In other words, 

interest moved beyond the early stage of 

foundational algorithms and technologies toward 

research that applies them in real environments. 

In particular, as research on marine exploration 

and environmental monitoring increased, the 

share of the underwater robotics area grew, 

which shows that environmental robotics research 

is expanding from foundational technology 

development toward application research based 

on marine and underwater environments (Fig. 6).

5. Discussion

5.1. Summary and interpretation of the findings

This study analyzed the research structure and 

thematic evolution of environmental robotics 

research by combining bibliometric analysis and 

LDA topic modeling, using 1,246 papers 

published between 2016 and 2025. The main 

findings are organized below according to the 

research questions, along with a discussion of 

what they mean. 

First, environmental robotics research showed 

both rapid quantitative growth and expanding 

academic influence over the analysis period. The 

number of papers grew about sevenfold, from 30 

in 2016 to 210 in 2025, with a compound annual 

growth rate of 24.1%. Citations also rose steadily 

and expanded sharply in the later period. This 

growth aligns with the development of artificial 

intelligence, which improved the autonomy and 

data-processing capabilities of robots and 

widened their range of applications into areas 

such as environmental monitoring and marine 

exploration. Beyond the technological driver, 

Fig. 6. Comparison of topic shares by period (2016-2020 vs 2021-2025).
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this growth also reflects the demand side. As 

climate change, pollution, and ecosystem 

degradation have moved up policy agendas, 

sustained environmental observation has 

become a public requirement rather than a 

purely scientific interest, and robotics offers one 

of the few scalable means of meeting it (Mazzolai 

et al., 2025). The growth of the field is therefore 

best read as the joint product of a maturing 

technology and an expanding societal demand. 

Second, the journal analysis showed that 

environmental robotics research is published 

widely across many journals rather than being 

concentrated in a few. The HHI values based on 

both publication and citation counts were low, 

which confirms a dispersed research ecosystem, 

while a few core journals such as Sustainability 

and Ocean Engineering led the field with high 

publication volume and influence. In particular, 

the period comparison showed that the center of 

the research moved from engineering-focused 

journals toward journals in the environment, 

sustainability, and marine areas. This shows that 

environmental robotics is moving beyond its 

early stage of technical validation toward 

interdisciplinary research aimed at solving 

environmental problems. This movement can be 

understood as a change in the questions the field 

asks. In the earlier period, the main question 

was whether robotic systems could operate 

reliably in natural environments, so research was 

validated and published mainly in engineering 

journals. As the underlying technologies 

matured, the main question shifted to what 

environmental problems robots can solve, and 

the natural outlets for such problem-oriented 

research are journals in the environment, 

sustainability, and marine areas. This trajectory, 

in which a field moves from developing its 

methods toward applying them to substantive 

problems, is consistent with stage models of how 

scientific disciplines evolve (Shneider, 2009). 

The change in journal distribution therefore 

reflects not a migration of authors but a 

maturation of the field from technology 

validation toward problem solving. 

Third, the country analysis revealed different 

patterns of strength in research productivity and 

international collaboration. Asian countries such 

as China and India were strong in publication 

volume, and China in particular led the field in 

quantity, accounting for 43.8% of all publications 

in the later period. European countries such as 

the United Kingdom, Germany, and Italy had a 

smaller publication volume but a higher 

influence per paper, and they showed high 

centrality and a bridging role in the collaboration 

network. In other words, a division of roles 

appears in which Asia drives productivity while 

Europe serves as a bridge in international 

collaboration. The collaboration network also 

grew quickly, from 46 countries and 78 links in 

the earlier period to 81 countries and 615 links 

in the later period, which shows that 

environmental robotics research is increasingly 

developing on a foundation of global 

collaboration. This division of roles is consistent 

with the different ways in which research 

systems are organized. The strong productivity of 

China and other Asian countries reflects 

sustained national investment in robotics and 

artificial intelligence and the resulting scale of 

their research communities: China has been the 

world’s largest market for industrial robots since 

the mid-2010s, supported by government 

subsidies and successive national plans for 

robotics and intelligent manufacturing (Cheng et 

al., 2019). The bridging position of the United 

Kingdom, Germany, and Italy is consistent with 

the structure of European research funding, in 

which the EU Framework Programmes explicitly 

aim to create cross-country research networks 

and fund research through multinational 

consortia (Balland et al., 2019). The two patterns 
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are complementary rather than competing: 

highly productive countries supply the volume of 

research, and highly central countries provide 

the channels through which methods and results 

circulate internationally. These changes in 

centrality rankings describe the relative positions 

of countries within networks of very different 

size and density, so they indicate shifts in 

relative structural roles rather than absolute 

changes in collaboration intensity. 

Fourth, the LDA topic modeling showed that 

environmental robotics research is made up of 

five themes: service and human-robot interaction, 

sensor- and arm-based operation, underwater 

robot control and motion, industrial and energy 

optimization, and algorithms and bio-inspired 

robotics. Environment-related keywords such as 

sustainable, monitoring, environmental, and 

environment appeared across several topics, 

which shows that environmental concerns are 

broadly embedded throughout the research. In 

the period comparison, the algorithm-centered 

topic (T5), which had the largest share in the 

earlier period, declined somewhat in the later 

period, while the underwater robot control topic 

(T3) rose from 12.7% to 20.9%. This indicates that 

research dealing with marine and underwater 

environments is growing in share, a tendency 

similar to the rise of marine journals observed in 

the journal distribution. 

The rapid rise of marine and underwater 

robotics, which appears consistently in the 

journal distribution and in the topic analysis, 

can be explained by three converging drivers. At 

the policy level, the United Nations Decade of 

Ocean Science for Sustainable Development 

(2021 to 2030) called for a substantial expansion 

of ocean observation and science-based ocean 

management, which raised the demand for 

autonomous observing platforms that can cover 

wide areas of the ocean at reasonable cost 

(Ryabinin et al., 2019). At the technological level, 

the adoption of deep learning improved 

underwater perception, navigation, and control 

(Sünderhauf et al., 2018), and decision-theoretic 

planning extended the ability of autonomous 

underwater vehicles to adapt their missions to 

changing conditions (Sung et al., 2023), which 

made reliable operation possible in environments 

where communication and visibility are severely 

limited. At the application level, marine 

environments are among the most difficult and 

costly for humans to access directly, so robots 

hold a clear comparative advantage there, as 

shown in coral reef monitoring and marine 

ecosystem sampling (Das et al., 2015; Cardenas 

et al., 2024). These drivers coincide with the 

later period of this study, and their combined 

effect is consistent with the growth of the 

underwater robot control topic (T3) from 12.7% 

to 20.9% and with the rise of marine journals 

such as Ocean Engineering and the Journal of 

Marine Science and Engineering during the same 

period. 

The remaining topic movements can be 

explained in the same way. The decline of T5 

(algorithms and bio-inspired robotics) from 

33.1% to 25.7% is a relative change rather than 

an absolute contraction: the volume of research 

in this theme continued to grow, but more slowly 

than the field as a whole. This pattern is typical 

of a maturing field, in which foundational 

methods cease to be independent research 

subjects and become embedded components of 

application research, and the control and 

learning algorithms developed in the earlier 

period now underpin the underwater, industrial, 

and service applications that expanded in the 

later period (Shneider, 2009; Sünderhauf et al., 

2018). The rise of T4 (industrial and energy 

optimization) from 15.3% to 18.8% parallels the 

policy environment of the later period, in which 

more than one hundred countries announced or 

considered net-zero emission targets around 
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2020 and 2021 (van Soest et al., 2021), which 

raised the value of research that reduces the 

energy use and environmental burden of robot 

operation in industrial settings. The slight 

declines of T1 (service and human-robot 

interaction, from 20.4% to 19.1%) and T2 

(sensor- and arm-based operation, from 18.4% 

to 15.4%) are also relative: both themes kept 

growing in absolute terms but at a slower pace 

than the marine and energy themes, so their 

shares were diluted by faster growth elsewhere. 

Taken together, the five movements describe one 

coherent process, in which the foundational 

layer of the field has matured and growth is now 

concentrated where environmental demand is 

strongest, namely the ocean and energy. 

Taken together, environmental robotics 

research shows meaningful change in its research 

structure and themes alongside its quantitative 

growth. Starting from early research centered on 

engineering-based technology, it has gradually 

expanded into interdisciplinary research 

connected with the environment, sustainability, 

and marine areas, and international collaboration 

has also grown quickly. These results suggest that 

environmental robotics is developing toward a 

more coherent interdisciplinary research domain 

for solving environmental problems, beyond a 

single technical area. 

5.2. Practical implications

The findings of this study offer the following 

practical implications for the development of 

environmental robotics research.

First, convergence research with environmental 

science, policy, and data analysis should be 

actively supported. The journal analysis 

showed that the center of the research moved 

from engineering toward the environment, 

sustainability, and marine areas, and the topic 

analysis also showed environment-related 

keywords across several themes. Research 

funding and interdisciplinary research programs 

should therefore be designed in connection with 

solving environmental problems. 

Second, a research environment should be 

built so that the various application areas 

develop in a balanced way. The topic analysis 

showed that environmental robotics research 

spans five themes: service, sensor-based 

operation, underwater robot control, industrial 

and energy optimization, and algorithms and 

bio-inspired robotics. Research support and 

workforce training should cover the full range of 

application areas so that the field does not 

become concentrated in a single technology.

Third, participation in international joint 

research should be expanded. The collaboration 

network grew quickly from 46 countries in the 

earlier period to 81 in the later period, and 

European countries such as the United Kingdom, 

Germany, and Italy served as bridges in 

collaboration. It is therefore important to 

increase participation in international joint 

projects and to strengthen ties with the countries 

and institutions at the center of the 

collaboration network. 

Fourth, the integration with artificial 

intelligence and data-driven technologies should 

be strengthened. The growth of environmental 

robotics is linked to improvements in the 

autonomy and data-processing capabilities of 

robots, and the topic analysis also identified 

keywords such as algorithm and autonomous. 

Research and development that combines 

autonomous operation, data analysis, and 

decision support with environmental robotics 

should be given priority. 

Fifth, collaboration that draws on the 

strengths of each country should be promoted. 

The analysis showed that Asian countries are 

strong in research productivity, while European 

countries are strong in influence per paper and 

in collaboration network centrality. Because 
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research results can spread effectively when 

highly productive countries connect with 

countries at the center of the collaboration 

network, this kind of complementary 

collaboration should be encouraged. 

5.3. Limitations and directions for future research

This study has the following limitations, which 

point to directions for future research.

First, the dataset was defined by a single 

database and a precision-oriented search 

strategy. Although Scopus offers broad coverage 

of engineering and environmental science 

journals, literature indexed only in other 

databases, such as Web of Science, IEEE Xplore, 

or regional databases, and non-English 

publications were not included. In addition, 

because the search required robot* in article 

titles and the Environmental Science subject 

area, relevant studies indexed only under 

Engineering or Computer Science were not 

captured, and the dataset represents 

environmental robotics research as classified 

within the environmental science literature. 

Future research could broaden the query to 

keywords and adjacent subject areas, combine 

multiple databases, and compare the resulting 

structures. 

Second, the analysis remained at the level of 

individual countries and did not extend to 

comparisons between groups of countries. This 

study analyzed the productivity and collaboration 

of individual countries, but it did not carry out 

group-level comparisons, such as differences 

across continents or between OECD member and 

non-member countries. Future research could 

group countries by region or economic level and 

compare them, which would allow a more 

multidimensional analysis of the global structure 

and gaps in environmental robotics research. 

Third, this study focused on quantitative 

analysis through topic modeling and did not 

carry out a systematic literature review alongside 

it. The study used LDA topic modeling to identify 

the main thematic structure and its change, but 

it did not perform a systematic literature review 

that examines the content of individual studies 

in depth. Future research could combine 

quantitative topic analysis with a qualitative 

literature review to provide a richer analysis of 

the specific content and development of the 

main themes. 

Fourth, this study did not address the 

development paths of specific application areas. 

It analyzed the overall structure and thematic 

change of environmental robotics research, but 

it did not sufficiently examine how specific 

application areas, such as marine and 

underwater robotics, environmental monitoring, 

and disaster response, have each developed. 

Future research could carry out in-depth 

analysis focused on specific areas to clarify the 

technological development and diffusion process 

of each application area. 

6. Conclusions 

This study leads to one central conclusion: 

environmental robotics, which has largely been 

studied as a set of separate technical areas, is 

developing toward a more coherent 

interdisciplinary research domain organized 

around the goal of solving environmental 

problems. Four findings support this claim. The 

field grew rapidly, with publications increasing 

about sevenfold between 2016 and 2025 and 

citations expanding sharply in the later period. 

Its publication base moved from engineering- 

centered journals toward journals in the 

environment, sustainability, and marine areas. 

Its international structure developed into a 

global division of roles, in which Asian countries 

drive productivity while European countries 

connect the collaboration network. Its thematic 

focus shifted from foundational algorithms 



 Research Trends and Thematic Evolution of Environmental Robotics: A Bibliometric Analysis and Topic Modeling Approach 853

toward application research in marine and 

underwater environments. In other words, what 

this study defined analytically as one umbrella 

category is shown, empirically, to be emerging as 

an interdisciplinary research area with increasing 

coherence, although the present analyses do not 

by themselves establish it as a distinct, 

independent research field. 

The primary message of this study is that the 

center of gravity of environmental robotics has 

moved from demonstrating what robots can do 

toward deploying robots for what the 

environment needs. For researchers, this points 

to convergence research that links robotics with 

environmental science, policy, and data analysis. 

For policymakers and funding agencies, it points 

to programs that support the full range of 

application areas, strengthen participation in 

international collaboration, and accelerate the 

integration of artificial intelligence and data- 

driven technologies. By providing an integrated 

map of the structure, collaboration, and thematic 

evolution of environmental robotics, this study 

offers a reference point for both research 

planning and policy design in the field. 
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