

[image: image1]
Global Trends and Hotspots in Research on Rehabilitation Robots: A Bibliometric Analysis From 2010 to 2020












	
	ORIGINAL RESEARCH
published: 11 January 2022
doi: 10.3389/fpubh.2021.806723






[image: image2]

Global Trends and Hotspots in Research on Rehabilitation Robots: A Bibliometric Analysis From 2010 to 2020

Xiali Xue1†, Xinwei Yang2†, Zhongyi Deng1, Huan Tu1, Dezhi Kong1, Ning Li1* and Fan Xu3*


1Institute of Sports Medicine and Health, Chengdu Sport University, Chengdu, China

2School of Sports Medicine and Health, Chengdu Sport University, Chengdu, China

3School of Public Health, Chengdu Medical College, Chengdu, China

Edited by:
Thippa Reddy Gadekallu, VIT University, India

Reviewed by:
Mauro Callejas-Cuervo, Universidad Pedagógica y Tecnológica de Colombia, Colombia
 Rajesh Kaluri, VIT University, India

*Correspondence: Ning Li, lining@cdsu.edu.cn
 Fan Xu, xufan@cmc.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Digital Public Health, a section of the journal Frontiers in Public Health

Received: 01 November 2021
 Accepted: 02 December 2021
 Published: 11 January 2022

Citation: Xue X, Yang X, Deng Z, Tu H, Kong D, Li N and Xu F (2022) Global Trends and Hotspots in Research on Rehabilitation Robots: A Bibliometric Analysis From 2010 to 2020. Front. Public Health 9:806723. doi: 10.3389/fpubh.2021.806723



Background: In recent years, with the development of medical science and artificial intelligence, research on rehabilitation robots has gained more and more attention, for nearly 10 years in the Web of Science database by journal of rehabilitation robot-related research literature analysis, to parse and track rehabilitation robot research hotspot and front, and provide some guidance for future research.

Methods: This study employed computer retrieval of rehabilitation robot-related research published in the core data collection of the Web of Science database from 2010 to 2020, using CiteSpace 5.7 visualization software. The hotspots and frontiers of rehabilitation robot research are analyzed from the aspects of high-influence countries or regions, institutions, authors, high-frequency keywords, and emergent words.

Results: A total of 3,194 articles were included. In recent years, the research on rehabilitation robots has been continuously hot, and the annual publication of relevant literature has shown a trend of steady growth. The United States ranked first with 819 papers, and China ranked second with 603 papers. Northwestern University ranked first with 161 publications. R. Riener, a professor at the University of Zurich, Switzerland, ranked as the first author with 48 articles. The Journal of Neural Engineering and Rehabilitation has the most published research, with 211 publications. In the past 10 years, research has focused on intelligent control, task analysis, and the learning, performance, and reliability of rehabilitation robots to realize the natural and precise interaction between humans and machines. Research on neural rehabilitation robots, brain–computer interface, virtual reality, flexible wearables, task analysis, and exoskeletons has attracted more and more attention.

Conclusions: At present, the brain–computer interface, virtual reality, flexible wearables, task analysis, and exoskeleton rehabilitation robots are the research trends and hotspots. Future research should focus on the application of machine learning (ML), dimensionality reduction, and feature engineering technologies in the research and development of rehabilitation robots to improve the speed and accuracy of algorithms. To achieve wide application and commercialization, future rehabilitation robots should also develop toward mass production and low cost. We should pay attention to the functional needs of patients, strengthen multidisciplinary communication and cooperation, and promote rehabilitation robots to better serve the rehabilitation medical field.
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INTRODUCTION

In the era of the COVID-19 pandemic, reducing doctor–patient contact is an important measure to prevent crossinfection. The use of rehabilitation robots to assist healthcare workers in treating patients with COVID-19 has reduced doctor–patient contact and increased productivity. Rehabilitation robotics is a relatively young and rapidly growing field with increasing penetration into the clinical environment (1, 2). Functional rehabilitation and the auxiliary robot have gradually become important technical means of clinical rehabilitation treatment in the world and have spawned several new rehabilitation robot technologies and systems (3). They have received great attention from all countries and have developed with each passing day (4). Rehabilitation robots, originating from the research field of engineering, are the perfect combination of rehabilitation medicine and robot technology, which makes up for the deficiency of traditional rehabilitation treatment methods in ensuring the high intensity of rehabilitation training, the persistence of endurance, and the standardization of training effects. They integrate the knowledge of artificial intelligence, biomechanics, information science, and rehabilitation medicine and use intelligent bionic technology to assist patients to complete limb-training movements and achieve the purpose of rehabilitation. These robots are used mainly for the assistance and rehabilitation of the daily life of the disabled (5–8).

According to the functional classification, rehabilitation robots are mainly divided into three types: full-body rehabilitation robots (9), upper limb robots (10), and lower limb rehabilitation robots (11). According to the means of application, they can be divided into fixed wearable robots, such as exoskeleton robots. The exoskeleton robot is mainly used to assist walking and is a special type of rehabilitation robot. Stationary robots are mainly used for rehabilitation training. Exoskeletons and soft-bodied robots are divided according to how the driving force is transmitted (12–14). Functional rehabilitation robots are mainly applied to chronic patients with stroke, cerebral palsy, spinal cord injury, paraplegia, traumatic brain injury, and limb injury. Due to the limited function recovery effect of traditional rehabilitation training methods on chronic injury, rehabilitation robot-assisted training is being studied and applied more and more (15–20). At present, rehabilitation robots have been widely used in rehabilitation nursing, prosthesis, and rehabilitation therapy, which not only promotes the development of rehabilitation medicine but also drives the development of new technologies and new theories in related fields. At the same time, there are still many challenges in the development of rehabilitation robots, there are still controversies in the research on rehabilitation robots, such as safety problems, and the actual operation is not simple and convenient, so that it is limited to large hospitals; moreover, the number of people who are suitable and can use rehabilitation robots is small, and the actual utilization rate is low (21, 22). For various rehabilitation robots with different characteristics and advantages, the application effect of different rehabilitation programs is not clear, so it is particularly important to formulate the user guide of rehabilitation robots to guide the clinical application of rehabilitation robots.

CiteSpace visual analysis software is a Java application that generates cocitation networks based on reference citations to reveal the structure of a particular research area, enabling visual exploration through knowledge discovery in bibliographic databases. Through progressive knowledge domain visualization, the most cited and critical documents, areas of expertise within the knowledge domain, and the emergence of research topics can be intuitively plotted to detect and visualize trends and patterns in the scientific literature (23). The key issue in evidence-based medical practice is to find the best available evidence about a clinical problem, and the task can be simplified by combining visual analysis techniques with traditional methods developed in evidence-based medicine (24–27). After consulting the database, it was found that the research in the field of rehabilitation robots increased significantly after 2010. Therefore, this study took the literature related to rehabilitation robots collected in the core data collection of the Web of Science database from 2010 to 2020 as the research object (28). It uses CiteSpace 5.7 visualization software, combining the qualitative analysis of the online platform and the traditional method of literature metrology, research focus from the literature field, high-influence countries or regions, institutions, the author, the high-frequency keywords and mutation term, etc., on the international research hotspot in the field of rehabilitation robots and frontier parsing and tracking. The study also provides some references for the research on rehabilitation robots and the development of related subjects. At the same time, the future development trend of rehabilitation robots is prospected, which is of great significance to improve the function of rehabilitation robots and to develop and improve the future medical field.



METHODS


Data Sources and Retrieval Strategies

The core data set of the Web of Science database was retrieved by computer, and the retrieval condition was “TS = (Rehabilitation Robot OR Rehabilitation Robotics).” The period is set as December 31, 2010 to December 31, 2020. The article is a peer-reviewed journal paper with good authority and representativeness. To ensure high-quality visualization results, the literature type in this study is limited to “article,” and the language type is set as “English.” It excludes conference abstracts, letters, reviews, news, journal reviews, and other literary types.



Literature Screening

Two evaluators read the literature independently. First, preliminary screening was carried out according to the title and abstract of the article, and then screening was carried out again according to the inclusion and exclusion criteria. After the screening, if there was any dispute, the third evaluator read the whole paper, discussed it together, and decided whether or not to reject it.



Data Analysis

CiteSpace 5.7 visualization software determines the information related to the literature according to the information of the first author in the article, mainly including the country, author, keywords, research institution, and so on. In the CiteSpace 5.7 visual software parameter setting, the period is set to 2010–2020; the time scale is set to 1 year; the threshold is set to “top N” and set to 50; and the top 50 representative papers are selected for systematic review and analysis. We chose Pathfinder as the clipping connection to simplify the network structure and highlight important features. Countries (regions), institutions, authors, cited authors, and keywords were selected for node type cooccurrence analysis to draw a visual atlas. CiteSpace was used to detect the mutation rate of keywords and generate a keyword ranking table with a high mutation rate. In the network graph, different nodes represent various elements, such as authors, institutions, countries, and keywords, whereas the size of nodes reflects the number or frequency of publications, and the connections between nodes represent relations such as cooperation, cooccurrence, or cocitation (23, 29–31).




RESULTS


Bibliometric of Publication Output

A total of 3,194 publications met the inclusion criteria from 2010 to 2020 (Figure 1). Figure 2 shows the total number of publications annually, where the number of papers in rehabilitation robot research maintained a gradually increasing trend from 2010 to 2020.


[image: Figure 1]
FIGURE 1. Flowchart of data filtration processing and excluding publications. WoSCC, Web of Science Core Collection.



[image: Figure 2]
FIGURE 2. Bibliometric analysis of WoS core database output. From 2010 to 2020, the number of published publications by different countries on rehabilitation robot research has changed over the years.




Hot Topics in Literature Research

Among the 3,194 retrieved publications, according to the distribution analysis of literature research hotspots, the literature with more than 50 articles was classified into 25 categories (Figure 3). Of these, 809 belong to the category of rehabilitation medicine, 721 biomedical engineering, and 589 neuroscience. It can be seen from the data that rehabilitation robots are widely studied and applied in the fields of rehabilitation medicine, biomedical engineering, and neuroscience.


[image: Figure 3]
FIGURE 3. 2010–2020 rehabilitation robot literature research hotspot distribution.




Country or Geographic Analysis

A total of 82 countries or regions contributed to the research on rehabilitation robots, as shown in Table 1, among which the United States published the most articles (819). China ranked second with 603 publications. The third was Italy, with 444. A total of 2,605 institutions have published research related to rehabilitation robotics, the most prolific of which is Northwestern University (USA), with 161 publications. The second is the University of Tsukuba (Japan), with 133 publications. The University of Maryland ranked third with 81 publications (Table 1). Visualization of the study countries shows that the top three countries in centrality are Spain (0.4), the USA (0.26), and Germany (0.17). These three countries have established good research cooperation with other countries. The detailed cooperation between countries or regions is shown in Figure 4.


Table 1. Influence of high-yield countries and institutions on rehabilitation robot research literature from 2010 to 2020.
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[image: Figure 4]
FIGURE 4. Bibliometric analysis of the cooperation of countries in the field of rehabilitation robot research.




Research Hotspots Based on Cooccurrence of Research Institutions

Through the analysis of cooperative cooccurrence of research institutions, CiteSpace software was used to draw the view of research hotspots of cooperative cooccurrence of research institutions of rehabilitation robots. A total of 411 nodes and 616 connections were generated, and the density of the topological network was 0.0073. Visualization of research institutions shows that Scuola Super Sant Anna (0.24), Northwestern University (0.23), and MIT (0.12) rank in the top three in centrality, respectively. These three institutions have established good research cooperation with other institutions (Figure 5).


[image: Figure 5]
FIGURE 5. Co-occurrence atlas of rehabilitation robot research institutions. The bigger the circle, the more it appears. Lines refer to the connections between institutions. The thicker the lines, the closer the connections.




High-Influence Authors and Cooperative Relationships

R. Riener, a professor at the University of Zurich in Switzerland, is the most prolific author with 48 articles, followed by S.K. Agrawal, a professor at Columbia University in the US, and Y. Sankai, a professor at the University of Tsukuba in Japan, with 29 articles. G. Kwakkel, a professor at the University of Amsterdam (512 times), followed by S. Hesse, a professor at Freie Universitat Berlin (512 times), and J. Mehrholz, a professor at Technische Universitat Dresden (335 times) (Table 2). In the author collaboration atlas, Professor R. Riener holds the leading position in this field by absolute advantage. However, there is no cooperative relationship with other authors with a high number of publications, and the cooperative relationship between other highly influential authors is also average (Figure 6).


Table 2. Status of authors with high influence on rehabilitation robot research from 2010 to 2020.

[image: Table 2]


[image: Figure 6]
FIGURE 6. Author and cooperative relationship. The bigger the circle, the more it appears. Lines refer to the connections between authors. The thicker the lines, the closer the connections.




High-Influence Journals

Among the 3,194 articles retrieved, there are 515 source journals and the top 10 journals in terms of publication volume (Table 3). The top three journals in terms of publications are J Neuroeng Rehabil, IEEE T Neur Sys Reh, and IEEE Robot Autom Let.


Table 3. Status of high-impact journals on rehabilitation robot research from 2010 to 2020.

[image: Table 3]



Highly Cited Literature

Among the 3,194 retrieved articles, the total citation frequency was 47,224, and the top 10 cited (32–41) kinds of literature with high citation frequency (Table 4). The top three sources are LANCET, NEJM, and ROBOT AUTON SYST.


Table 4. References with high citation frequency of rehabilitation robots from 2010 to 2020.

[image: Table 4]



Research Hotspots Based on Keyword Cooccurrence

Through keyword cooccurrence analysis, 20 high-frequency keywords with a frequency greater than 150 times were statistically ranked. The top three high-frequency keywords were “rehabilitation” (1,276 times), “stroke” (940 times), and “design” (471 times). The top three high-frequency keywords in centrality are “robot” (0.15), “walking” (0.15), and “movement” (0.15) (Table 5). CiteSpace software was used to draw the hotspot view of rehabilitation robot research. A total of 607 nodes and 2,728 connections were generated, and the density of the topological network was 0.0148 (Figure 7).


Table 5. High-frequency keywords of rehabilitation robot research from 2010 to 2020 (frequency > 150).
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[image: Figure 7]
FIGURE 7. Co-occurrence spectrum of high-frequency keywords in rehabilitation robot field. The cross represents keywords; the larger the cross, the thicker the cross, the higher the frequency of keywords; the line refers to the connection between keywords; the thicker the line, the closer the connection.




Keywords Clustering Research Hotspots and Frontier

CiteSpace was used for clustering analysis of keywords, and the classic LLR algorithm was adopted to obtain nine clustering groups: (0) walking, (1) stroke, (2) brain–computer interface, (3) stroke, (4) electromyography, (5) proprioception, (6) task analysis, (7) soft actuators, and (8) soft robotics (Figure 8). The timeline view is used to display the dynamic time change of clustering keywords. From 2010 rehabilitation robots, cerebral apoplexy, exoskeleton, the stability of the robot, rehabilitation, spinal cord injury, stroke, nerve rehabilitation, motor learning, virtual reality, and other keywords widely attention, among them, the rehabilitation robot and cerebrovascular accident, exoskeleton robot hand, adaptive control, and touch the heart of the study on the relationship between the recovery began in 2011. Rehabilitation robot and brain–computer interface, upper limb rehabilitation, and meta-analysis research began to appear in 2014. Research on the relationship between rehabilitation robots and upper limb rehabilitation and meta-analysis was hot until 2019. In 2019–2020, robot sensing system, actuator, pneumatic artificial muscle, telemedicine, task analysis, wearable robot, and flexible robot were new words. It is predicted that further research will focus on rehabilitation robots and robot sensing systems, pneumatic artificial muscle, wearable robot, and flexible robot. The time dynamic evolution of keywords is presented in Figure 9.


[image: Figure 8]
FIGURE 8. Cited cluster analysis showing the nine main research areas.



[image: Figure 9]
FIGURE 9. Time dynamic evolution of keywords.




Cocitation Clustering Analysis of Related Kinds of Literature

Through literature cocitation cluster analysis, CiteSpace software was used to draw a cocitation map of the rehabilitation robot research literature, generating 868 nodes and 1,884 connections, and the density of the topological network was 0.005. With the lowest citation times of 15, 28 of the 3,194 cited kinds of literature were included from the research scope, and the top three cited kinds of literature with high centrality were “Lo et al. (33)” (0.88), “Maciejasz et al. (42)” (0.68), and “Klamroth-Marganska et al. (39)” (0.45).



Funding Support Institutions

There are 2,637 funded institutions, among which the top 10 funded institutions have funded 1,535 studies, accounting for 48% of the literature in the field of rehabilitation robot research. The top three funders were the China National Natural Science Research Foundation (337), the US Department of Health and Human Services (247), and the US National Institutes of Health (240). These results indicate that China has strong support for the research on rehabilitation robots and a large amount of research fund investment, which may be related to the incentive mechanism initiated by the government. However, there is still a gap between the total number and that of the United States, which needs to be improved (Table 6).


Table 6. Funding institutions of rehabilitation Robot Fund from 2010 to 2020.
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Frontier Analysis of an Emergent Word Detection Algorithm

We used CiteSpace to detect emergent words. A total of 108 mutants were detected. Among the 25 keywords with the highest citation frequency, the mutation cycles of 16 mutation words were concentrated from 2010 to 2015. The strongest mutation intensity was “arm” (8), followed by “motor control” (7.13). The third place was “hemiparetic patient” (6.13), the fourth place was “body weight support” (5.14), and the fifth place was “arm movement” (5.11). Keywords with high mutation intensity in the last 5 years include “modulation” (2015–2016), “computer interface” (2015–2017), “treadmill therapy” (2016–2017), “series elastic actuator” (2017–2020), and “prosthetics and exoskeleton” “wearable robotics” (2018–2020). These emergent words in the past 5 years may also be the main direction of future research.




DISCUSSION


International Research Status of Rehabilitation Robots

The research on rehabilitation robots can be traced back to the 1960s, but the development was relatively slow due to design and funding problems. The 1980s was the initial stage of the research on rehabilitation robots, and the United States and the United Kingdom were at the leading level. After the 1990s, the research on rehabilitation robots entered a period of comprehensive development (43). In 1987, the British man Michael developed the prototype of the Handy I rehabilitation robot. In 1989, the Massachusetts Institute of Technology developed the first clinical trial robot for rehabilitation treatment. In 2020, Elon Musk reported the latest research results on the brain–computer interface: a coin-sized chip implanted into a pig's brain can read the pig brain's information in real time. A functional device implanted into a surgical robot can perform all the steps of craniotomy, implant sensors, and glue. With the continuous development of interdisciplinary integration, researchers are making progress in the field of rehabilitation robots. It can be predicted that the vision of human–machine integration will be realized soon (44, 45).



Research Hotspots by Country (Region), Author, and Founding

In this study, the research literature related to rehabilitation robots was obtained from the core data collection of the Web of Science database in the past 10 years as the research object, and CiteSpace visual analysis software was used to analyze and track the hotspots and frontiers of international research in the field of rehabilitation robots. This study presents the international research status of rehabilitation robots in the past 10 years intuitively and forms a general understanding of its research hotspots, frontiers, and trends. Overall, international rehabilitation robot research identified steady growth year by year, nerve rehabilitation, stroke, brain–machine interface, virtual reality, flexible wearables, task analysis, and the exoskeletons of rehabilitation robot research more and more aroused people's interests, becoming increasingly important areas of research.

The number of articles published in the world in the field of rehabilitation robots generally shows an upward trend, mainly focusing on the fields of rehabilitation medicine, biomedical engineering, and neuroscience, indicating that the research on rehabilitation robots is popular in the field of medicine. The United States, China, Italy, Japan, and the United Kingdom are the major research exporters. The United States has the most articles about rehabilitation robots, followed by China. China is the only developing country, which shows great progress in the field of rehabilitation robots in the past decade and playing an important role. In terms of research institutions, Northwestern University, the University of Tsukuba, the University of Maryland, Santa Anna University of Pisa, Italy, and the University of Auckland, New Zealand occupy a certain position in the field of rehabilitation robots with a high number of publications. Northwestern University ranked first with 161 publications.

Among the prolific authors, R. Riener, a professor at the University of Zurich in Switzerland, ranked first with 48 articles, and the second and third were from the United States and Japan, respectively. It is worth noting that Professor Song from Southeast University of China ranked eighth with 18 articles. Studies by Chinese scholars in the field of rehabilitation robots are moving toward the international community, even catching up abroad.

In terms of cocitation of authors, the top five are Prof G. Kwakkel, Vrije Universitat Amsterdam; Prof S. Hesse, Medical University of Charlotte, Berlin, Germany; Prof J. Mehrholz, Dresden Medical School, Technical University of Dresden, Germany; Prof H.I. Krebs, MIT, USA; and Prof N. Hogan, MIT, USA. It can be seen that scholars from the Netherlands, Germany, and the United States have high influence in the research on rehabilitation robots. The above data can provide potential collaborators and teams' information for future research. According to Price's law, half of all papers on the same subject are written by a group of highly productive authors roughly equal to the square root of the total number of authors (46). A total of 9,163 authors were included in 3,194 publications. Of these, the first 93 authors completed 50% of the papers, in line with Price's law. It indicates that the core authors in the field of rehabilitation robots have been established. Paying attention to these authors can help us better understand the frontier and trend of rehabilitation robots. Among the top five foundations, one is from China, and four are from the United States. The research area involves many scientific research grants, but the main funding areas are natural sciences, medicine, bioengineering, and material science.



Research Hotspots in the Field of Rehabilitation Robots

Citation status is one of the important indicators to reflect research hotspots. Through reading and analyzing the literature with high citation frequency and centrality, some research results with high attention in the research field of rehabilitation robots can be learned to reveal the areas of concern (47). Through reading and analysis of the top ten cited studies, the results show that stroke, spinal cord injury, paraplegia, upper limb functional rehabilitation, neuroplasticity, actuator technology, flexible robot gloves, etc., have received extensive attention from researchers in a certain stage in the research field of rehabilitation robots. The research hotspots of these highly cited papers help to identify the major hotspots of rehabilitation robot research. At present, the number of cited papers in China is low, which may be due to the late publication of many studies in other countries.

Keywords with high centrality and frequency represent research hotspots in a period. According to the analysis of the hot keywords, research in the field of rehabilitation robots mainly focuses on rehabilitation, stroke, design, exoskeleton robotics, upper limbs, gait, spinal cord injury, performance, and reliability. Through keyword clustering analysis, the higher the degree of aggregation, the better the homogeneity between studies (48).

In the last 10 years, the rehabilitation of upper limb function for stroke has been a research hotspot. With the rapid growth of new technologies and equipment, there is much different training equipment for rehabilitation robots designed to move or assist arm movement. There are significant differences in the types of treatment provided by different devices in terms of the techniques employed and the treatments provided. In a systematic review, there is increasing evidence that rehabilitation robot training can benefit the recovery of arm function after stroke (49). Human–robot interaction (HRI) is one of the hot topics in the current research on rehabilitation robots, which is how to realize the natural and precise interaction between humans and machines through the fusion of machine intelligence and biological intelligence.



Research Frontiers and Trends in Rehabilitation Robots

Emergent words represent frequently cited keywords in a given period, thus indicating cutting-edge features and trends. Combined with the time dynamic evolution and burst analysis of keywords, we can get a general understanding of the research field, development, and future trend of rehabilitation robots. The top five post-2014 breakout words are “modulation,” “computer interface,” “treadmill therapy,” “series elastic actuator,” and “prosthetics and exoskeleton.” Modulation refers to the adjustment and control of the signal and program of the rehabilitation robot to achieve the purpose of precise rehabilitation. Computer interface refers to the popular brain–computer interface technology. Treadmill therapy mainly refers to lower limb rehabilitation robots that are similar to treatments done on a treadmill. A Lokomat lower limb rehabilitation robot is a typical hanging weight loss standing rehabilitation robot of the treadmill therapy type, which combines with the treadmill platform to complete the exercise (50). In the control system, the series elastic actuator can convert control signals into power devices that can drive the controlled system, which is the core of the power development and design of the rehabilitation robot (51). Research on prosthetics and exoskeleton robots is currently a hot topic in comparison, and because of the rapid development of mechanical design and control algorithms for electro-mechanical systems, exoskeletons have been significantly developed but are still limited to larger body areas, such as the upper and lower limbs. Due to their small size and strong tactile perception, hand exoskeletons still face many challenges in many technical fields, such as hand biomechanics, neurophysiology, rehabilitation, actuators and sensors, human–robot physical interaction, and ergonomics.

In addition, machine learning (ML) is one of the technologies that have developed rapidly in the past 10 years. It is widely used in computer vision, bioinformatics, health care, business analysis, trend forecasting, and other fields. ML allows computers to learn from large samples of data and predict patterns that exist in the data (52, 53). ML algorithms to help realize the future of improved health care by unleashing the potential of large biomedical and patient data sets are used in different research areas to predict and classify accurate results from test data (54). They have proven to be helpful for diagnosis in a variety of medical and clinical data sets. In the field of rehabilitation, ML can help predict the recovery function of walking level of the patients with stroke and assist in research on the development of walking assistance robots. AI-based virtual reality rehabilitation (55) and forecasting mortality of patients with stroke after complete rehabilitation with tree-based ML models have been studied (56). For any type of human disease prediction, data sets need to be preprocessed. In this regard, dimensionality reduction plays a vital role in reducing the high-dimensional data into reduced dimensionality (57). Over the past few decades, several dimensionality reduction techniques have been used to filter data samples from the data set under consideration. Dimensionality reduction requires the mapping of higher-dimensional inputs to lower-dimensional inputs so that similar points in the input space are mapped to adjacent points on the manifold (54, 58). Feature engineering is an important preprocessing step that helps in the extraction of transformed features from the raw data that will simplify the ML model and also improve the quality of the results of an ML algorithm.

In the field of medical rehabilitation, more and more people tend to interact with machines naturally and accurately. With personalized AI task analysis, ML, electromechanical interaction, intelligent control, and other technologies combined with robots applied to the field of rehabilitation medicine, the rehabilitation robot “therapist” will become the main force in the field of rehabilitation therapy in future. The wearable exoskeleton robot can help elderly people with severe limb dysfunction, hemiplegia, and spinal cord injuries walk normally. In addition, it can help humans maintain balance function and increase strength to achieve “human–machine integration” (5). The “mind control” of brain–computer interface is gradually switching from science fiction to reality, helping the movement, feeling, and other functions of damaged limbs return to normal. In 2020, MIT Technology Review published a breakthrough in the brain–computer interface by Professor Eduardo Fernandez of Miguel Hernandez de Elche University: the electronic artificial eye, which restores sight to patients who are completely blind (59, 60).

With human intelligence and machine intelligence, combining human–computer interaction as a representative of technological breakthroughs between man and machine combined with the increasingly close, with the help of human–computer interaction technology and method, and combining human intelligence and machine intelligence make the two complementary advantages, to work together, and in the aspect of medical rehabilitation which spawned a significant theoretical innovation and breakthrough technology method. The brain–computer interface will be widely applied in future (61, 62). How to establish the ability of high-broadband data connection between human and machine is also an important trend in the current international rehabilitation robot research. At present, rehabilitation robots of limb function still cannot provide intuitive tactile neurofeedback, and patients can only rely on visual feedback to judge the size of the object to be grasped and other sensory information. How to achieve accurate neural feedback of sensory information still needs further research. It is the challenge and trend of the development of rehabilitation robots in future to make that rehabilitation robots have emotional characteristics and make patients feel happy while helping patients to achieve their rehabilitation goals.

Regarding rehabilitation robot technology and the research and development and application of the system, there is still a gap between China and developed countries such as Europe and the United States. To improve the performance of rehabilitation robot system, it is necessary to master the key core technologies of rehabilitation robot, such as EMG information perception and control technology, force feedback control technology, joint angle and torque control technology, and space motion detection technology (4). In particular, the research on these technologies in brain–computer interface, virtual reality, robot sensing system, actuators, pneumatic artificial muscle, and the wearable flexible robot can better promote the development of rehabilitation robots to meet the future demand of Chinese people for health services.



Application and Development Trend of Rehabilitation Robots

It can be predicted that rehabilitation robots will be used more and more in an era when the cost of manual treatment is becoming more and more expensive. To better popularize and commercialize the application, future development needs to increase the universality of rehabilitation robots, focusing on lightweight, portable, reconfigurable, intelligent, and AI-based equipment, thus bringing new treatment methods and thinking to the rehabilitation field under the premise of ensuring safety, mass production, and cheap direction development (63). Intelligent rehabilitation is the future development trend (64). It should break through the barrier of the human–machine interface, develop multidisciplinary cooperation and communication, strengthen collaboration with rehabilitation medicine and artificial intelligence, actively participate in the design and development of rehabilitation robots, and promote rehabilitation robots to better serve the rehabilitation medicine field.

When thinking about the application and development of rehabilitation robots, Professor Li first mentioned the “human nature” of rehabilitation robots. Rehabilitation robots should have the basic human nature—namely, perception, thinking, expression and communication, action and cooperation, and learning and adaptability—and complete training and operations independently or with the assistance of an automatic machine (14). At present, rehabilitation robots cannot complete all the techniques and operations of professional rehabilitation personnel; particularly, the self-learning ability, adaptability, and creativity of robots need theoretical breakthroughs. The most difficult thing for rehabilitation robots to break through is the benevolence and moral sense of medical workers (65). The twenty first century is an era of health and life science. Health is the most powerful driving force for scientific and technological revolution and social development. Rehabilitation robots as one of the most important technologies in the human health industry will undoubtedly provide innovative means and paths for rehabilitation medicine, preventive medicine, and clinical medicine, making the previously invisible visible and the impossible possible (66). Rehabilitation robots will also provide strong impetus for the reform of the medical system, the renewal of the medical model, and the extension of the human healthy life span (67).



Study Limitations

This study included only studies on rehabilitation robots published in the core data collection of SCIE, the Web of Science database, and the paper type was English literature, which may have ignored high-quality kinds of literature in other languages in the field of rehabilitation robots, resulting in certain limitations in literature retrieval. In cluster analysis, different categories of content may overlap. In addition, the cocitation frequency of kinds of literature is related to time. The kinds of literature published in recent years may have a relatively low total cocitation frequency due to their short publication time, resulting in differences between research results and the actual situation. The cooccurrence of keywords is limited by the number of nodes, which may affect the accuracy of conclusions. However, accuracy itself is relative and does not affect the reliability of conclusions obtained in the paper. Due to different algorithms, there is no standardized setting process for time partition, threshold, or clipping mode in the process of using CiteSpace to generate visual atlas, which may cause some bias.




CONCLUSION

Based on the Web of Science database and CiteSpace software, this study for the first time conducted bibliometric and visual analysis of the international research on rehabilitation robots in the past 10 years from multiple perspectives and presented the research overview of rehabilitation robots in the past 10 years relatively scientifically and intuitively. At present, the brain–computer interface, virtual reality, flexible wearables, task analysis, and exoskeleton rehabilitation robots are the frontiers and hotspots of research, representing the development trend of future research, and they can be used as a reference direction for future research. Future research in the field of rehabilitation robots should focus on the following aspects: first, focus on the functional needs of patients to improve the quality of life; second, strengthen interdisciplinary cooperation and build a regional cooperation network among countries.


Challenges

Formulating better rehabilitation robots in such an evolving field is important. Until today, numerous technical challenges and insufficient safety standards have prevented the large-scale development of rehabilitation robots. As it is multidisciplinary technical research, it faces many challenges in the actual research and development process. The primary challenge of rehabilitation robots is safety, which is the most basic requirement to help patients with rehabilitation training. On the premise of ensuring the effectiveness of the product, it is more important to ensure the safety of use and avoid secondary injuries to patients. Intelligent control, ergonomics, at present, and the movement energy consumption of the robot bionic man are much higher than that of the simple skeletal muscle movement, the operation process of the wearable exoskeleton robot is generally more complex, and the large weight makes the rehabilitation training more difficult, but the precision is much worse. The man–machine interface design is a challenging problem. This interface is the medium and dialogue window for transmitting and exchanging information between humans and computers. A good man–machine interface is key to improve the operation efficiency of rehabilitation robots. For example, patients' subjective feelings and physiological reactions, especially visual perception, cannot be timely perceived in the training process. Both need constant optimization and learning. Existing rehabilitation robots generally lack tactile feedback. It is suggested to study various sensors to enhance the interaction between rehabilitation robots and the human body, involving multidisciplinary cooperation and communication. In addition, a key challenge regarding the control of rehabilitation robots is to design shared control or ML technologies that are predictable to patients and do not exceed their needs. Because not all technical components of rehabilitation robots are well developed or designed for daily life and outdoor applications, a lot of collaborative work and utilization of resources from medical technology, biomechanics, engineering, and product development are needed. The price of the current rehabilitation robots is relatively expensive, which is a great burden on ordinary families. It is suggested that future research can find cost-effective materials to popularize rehabilitation robots in ordinary life.



Future Direction

In terms of technology, ML, dimensionality reduction, feature engineering, and other technologies play an important role in the research and development of rehabilitation robots. In future, the effectiveness of these technologies can be tested on high-dimensional data such as images and text data. They can also be used for more complex algorithms, such as deep neural networks, convolutional neural networks, and recursive neural networks. The new ideas of mixing and matching hardware, programs, algorithms, and expected neural pathways may lead to more focused research and, ultimately, significant advances in robot-assisted rehabilitation. For various rehabilitation robots with different characteristics and advantages, the application effect of different rehabilitation programs is not clear, so it is particularly important to formulate the user guide of rehabilitation robots to direct the clinical application of rehabilitation robots. To achieve widespread application and commercialization, future rehabilitation robots should be developed toward mass production and low cost. In addition, in future, rehabilitation robots will still be the focus and hotspot in the fields of rehabilitation medicine and intelligent engineering, and with the development of rehabilitation robots with different functions, their usage guidelines will become more and more perfect, and the cooperation between rehabilitation therapists and rehabilitation robots is bounded to open a new chapter in rehabilitation therapy.
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