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Objective: This study aimed to conduct a bibliometric analysis of the literature on exoskeleton robot assisted walking rehabilitation for stroke patients in the Web of Science Core Collection over the past decade.Method:: Retrieved literature on exoskeleton robot assisted gait training for stroke hemiplegic patients from the Web of Science Core Collection from 1 January 2014 to 31 January 2024. The search method was topic search, and the types of documents were “article, meeting abstract, review article, early access.” CiteSpace was used to analyze the search results from countries, institutions, keywords, cited references and cited authors.Result: A total of 1,349 articles were retrieved, and 1,034 were ultimately included for visualization analysis. The annual publication volume showed an upward trend, with countries, institutions, and authors from Europe and America in a leading position. The core literature was also published by authors from European and American countries. The keywords were divided into 8 clusters: # 0 soft robotic exit, # 1 robot assisted gain training, # 2 multiple scales, # 3 magnetic rheological brake, # 4 test retest reliability, # 5 electromechanical assisted training, # 6 cerebra salary, and # 7 slow gain. The early research direction focused on the development of exoskeleton robots, verifying their reliability and feasibility. Later, the focus was on the combination of exoskeleton robot with machine learning and other technologies, rehabilitation costs, and patient quality of life.Conclusion: This study provides a visual display of the research status, development trends, and research hotspots, which helps researchers in this field to grasp the research hotspots and choose future research directions.Keywords: robotic exoskeleton, rehabilitation, stroke, walking, bibliometric
1 INTRODUCTION
Stroke is the third leading cause of disability globally (Feigin et al., 2022). Although the age-standardized mortality rate for stroke is declining (Krishnamurthi et al., 2020), the incidence remains high, with over 12.2 million new cases occurring worldwide annually (Feigin et al., 2021). Hemiplegia is a primary challenge faced by affected individuals and their caregivers, bringing a substantial burden on patients and their families. Post-stroke patients require rehabilitation to regain ambulatory and balance capabilities, essential for maintaining normal activity levels (Warutkar et al., 2022). However, data indicates that 70% of individuals experience reduced walking speed and capacity post-stroke, with 20% becoming reliant on wheelchairs, which significantly impeding their independence in daily living (Mehrholz et al., 2020; Kim and Kim, 2022). Traditional rehabilitation is delivered by therapists or nurses, but the rising incidence of stroke has led to a shortage of qualified professionals (Mehrholz et al., 2020). The advent of rehabilitation robotics offers a novel solution to this issue, as these devices can assist in performing repetitive and standardized rehabilitation tasks (Riener et al., 2005), thereby alleviating the burden on rehabilitation workers (Yang et al., 2023). In recent years, due to advancements in chemical material sciences, control technologies, and the integration of artificial intelligence, there has been a rapid development of exoskeletal robotic devices (Yi and Yubing, 2024). These devices have emerged as groundbreaking in the adjunctive therapy of post-stroke hemiparesis, facilitating the reclamation of ambulatory abilities and gait balance (Rodríguez-Fernández et al., 2021). Contrasting with end-effectors, robotic exoskeleton (RE) are wearable robotic units that are affixed to an individual’s limbs, providing either a substitution or enhancement of limbs movement. In the context of ambulation therapy for patients with hemiparesis, these RE emulate normative walking patterns to aid in the movement of the lower limbs, targeting the correction of gait or assistance in walking (Pons, 2008). This modality not only promotes greater freedom of movement for the patients but also actively engages their motor awareness, fostering a conducive environment for motor learning.
Current research on RE in the context of gait rehabilitation therapy for stroke patients is bifurcated into two main domains: technological development and therapeutic efficacy. Technological investigations are concentrated on the biomimetic design of exoskeletal mechanisms, the detection of movement intention, and the motor control within human-machine hybrid systems. The efficacy dimension focuses on the assessment of patient gait restoration, the consequent effects on neuroplasticity, and the overall impact on the patients’ self-care capabilities and quality of life (Koenig et al., 2011; Loro et al., 2023; Pournajaf et al., 2023; Yang et al., 2023). Some scholars have provided comprehensive reviews on the effectiveness of RE in rehabilitative treatments for stroke survivors (Yang et al., 2023). However, traditional reviews or systematic reviews prioritize the synthesis and critical appraisal of literature, aiming to address specific questions within a given field (Yu et al., 2017). Bibliometrics is an interdisciplinary field that employs statistical methods to depict the characteristics and relationships of existing publications, active scholars, research institutions, research topics, or keywords within a research domain, as to as highlighting gaps in the field and predicte hotspots and trends over time (Hu et al., 2020; Donthu et al., 2021; Ninkov et al., 2022).
There has been a significant increase in bibliometric studies on post-stroke patients in the past 2 years, including patient rehabilitation and treatment (Dong et al., 2022; Harjpal et al., 2022; Uivarosan et al., 2022; Zuccon et al., 2022; Ogihara et al., 2023; Wu et al., 2023; Cheng and Yu, 2024), dysphagia (Xu et al., 2023), cognitive impairments (Chi et al., 2023), and pain (Li et al., 2022). However, studies on rehabilitation robots are few and far between. Giacomo Zuccon and other scholars had conducted bibliometric analyses on the technologies of post-stroke rehabilitation robots over the last 20 years, suggesting an increasing focus on the application of robots in the early-stage lower limb training of stroke patients (Zuccon et al., 2022). Diana Uivarosan and others presented relevant data from journals, authors, countries and institutions, and analyzed literature on the application of robots in rehabilitation for stroke patients (Zuccon et al., 2022). There is an increasing amount of research on the technological and application aspects of RE assisting in gait therapy for stroke patients, yet bibliometric studies in this area are still unseen. Therefore, this study conductd a bibliometric analysis on the research of exoskeleton robots in gait rehabilitation of stroke patients over the past decade, which was crucial for understanding the development of this field and selecting future research directions.
2 DATA AND METHODS
2.1 Data source and search strategy
A literature search on studies related to exoskeleton robot-assisted gait training after stroke was conducted in the Web of Science Core Collection database. The search strategy was topic search, covering the period from 1 January 2014 to 31 January 2024. The types of documents searched included “article, meeting abstract, review article, early access". The search strategy was as follows:#1 TS = (Exoskeleton robot OR rehabilitation robot OR robotic exoskeleton OR robot-assisted); #2 TS = (stroke OR apoplexy OR cerebrovascular accident OR cerebral hemorrhage OR hematencephalic OR encephalorrhagia OR cerebral ischemia); #3 TS = (walk* OR gait OR ambulation OR locomotion OR leg* OR lower limb* OR lower extremit*); #4 = (#3 AND #2 AND #1).
2.2 Analysis tools
In this study, we utilized the CiteSpace software developed by Professor Chaomei Chen for bibliometric visualization analysis. CiteSpace is among the leading tools for creating knowledge maps, capable of delineating the current state and predicting future research prospects and hotspots in a given field. By employing co-citation analysis and the Path Finder network algorithm, CiteSpace quantitatively analyzes literature. It conducts a complex network analysis that is diversified, time-phased, and dynamic by tracing the formation, accumulation, diffusion, transformation, and evolutionary paths of citation clusters and their knowledge inflection points. CiteSpace explores the current status, development trends, key points, research hotspots, research frontiers, and evolution process of a scientific field, and judge the development trends in the furture.
2.3 Data extraction
We employed CiteSpace 6.3. R1 software for bibliometric analysis of literature retrieved from the Web of Science database. Literature from the Web of Science was exported in full record format and named ‘download.txt’ for compatibility with CiteSpace 6.3. R1, which was then imported into the software. Due to the potential for duplicate records in the database retrieval, the software’s built-in deduplication feature was used to eliminate duplicate entries. This facilitated the analysis of countries, institutions, and keywords, as well as the visualization of cited references and cited authors. During the analysis, issues such as synonymic keywords and inconsistent institution name representations were encountered. To address these, data cleaning was performed first, using Notepad to search for and manually merge synonymic keywords and institution names. The flow chart of the literature screening is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of literature selection.
3 RESULT
3.1 Analysis of literature
3.1.1 Annual publications
In a preliminary search, a total of 1,349 documents published over the past decade on post-stroke exoskeleton-assisted gait training were retrieved. This collection includes articles, conference papers, reviews, and online publications, amounting to 1,336 documents. After removing duplicates, the number of papers was narrowed down to 1,034. As illustrated in Figure 2, the annual publication volume has been increasing year by year, with the highest number of publications recorded in 2021 (160 papers).
[image: Figure 2]FIGURE 2 | The number of published papers.
3.1.2 Analysis of national (regional) cooperation
In the past decade, a total of 67 countries (regions) have published research related to exoskeleton robot-assisted gait training following stroke, as illustrated in the cooperation map in Figure 3. The cooperation map encompasses 67 nodes and 242 connections, indicating strong collaborative relationships among these countries. The top 5 countries in terms of the number of publications are: the United States (United States of America) with 218 articles, China with 217 articles, Italy with 137 articles, South Korea with 107 articles, and Japan with 92 articles. In terms of betweenness centrality, the top 5 countries are: United States of America with 0.43, Spain with 0.22, Japan with 0.21, Italy with 0.19, and China with 0.15. The United States of America ranks first in both publication volume and betweenness centrality, indicating a leading position among Western countries, while Asian countries such as China, South Korea, and Japan also show strong capabilities in this research area. China ranks second globally in publication volume, but its betweenness centrality is relatively low. A possible reason for this could be China’s recent significant investment in this field, leading to a rapid increase in publications despite a later start.
[image: Figure 3]FIGURE 3 | National cooperation analysis map.
3.1.3 Institutional collaboration analysis
In the past decade, a total of 158 institutions have published research related to exoskeleton robot-assisted gait training after stroke, primarily comprising universities from various countries with existing cooperative relationships, as illustrated in the cooperation map shown in Figure 4. The cooperation map features 158 nodes and 268 connections, indicating strong collaborative relationships among these institutions. The top 5 institutions by publication volume are: Swiss Federal Institutes of Technology Domain with 27 articles, Northwestern University (United States of America) with 21 articles, University of Tsukuba (Japan) with 21 articles, Harvard University (United States of America) with 19 articles, and Yonsei University (South Korea) with 18 articles. Regarding betweenness centrality, the top 5 institutions are: Swiss Federal Institutes of Technology Domain (0.19), Shirley Ryan AbilityLab (United States of America) (0.19), Chinese Academy of Sciences (0.13), Yonsei University (South Korea) (0.11), and Harvard University (United States of America) (0.06). Both in terms of publication volume and betweenness centrality, the Swiss Federal Institutes of Technology Domain ranks first, with institutions mainly from Europe and America leading. The Chinese Academy of Sciences ranks third in betweenness centrality.
[image: Figure 4]FIGURE 4 | Institutional collaboration analysis map.
3.1.4 Co-citation analysis of highly influential authors and cited authors
In the past decade, scholars from around the world have participated in research within this field, with two scholars publishing more than 10 papers each. These are Professor Rocco Salvatore Calabrò from the IRCCS Neurology Center in Italy (18 papers) and Professor Franco Molteni from Valduce Hospital in Italy (10 papers). The top 10 authors in terms of publication volume have relatively low betweenness centrality and citation rates, as shown in Table 1. Over the last 10 years, the top 5 core authors ranked by citation frequency are Mehrholz J from the European Private Scientific Research Institute in Germany (334 citations), Hesse S from the Free University of Berlin in Germany (241 citations), Kwakkel G from the University of Amsterdam in the Netherlands (173 citations), Hornby TG from Northwestern University in the United States of America (152 citations), and MORONE G from the Santa Lucia Foundation in Italy (150 citations). The top 5 core cited authors ranked by betweenness centrality are Mehrholz J from the European Private Scientific Research Institute in Germany (0.13), Banala SK from the University of Delaware in the United States of America (0.09), Hornby TG from Northwestern University in the United States of America (0.08), Schwartz I from Hadassah-Hebrew University in Israel (0.07), and Kawamoto H from the University of Tsukuba in Japan (0.07), as shown in Table 1. Among them, Professor Mehrholz J has the highest citation frequency and betweenness centrality.
TABLE 1 | Top 10 High-impact Authors and top 10 co-cited Authors in referenced documents.
[image: Table 1]3.2 Analysis results of research hotspots
3.2.1 Analysis results of core literature citation and co-citation
Figure 5 reveals that research in this field over the past decade involves a total of 131 core referenced documents. The top five most-cited references are as follows: A document published by Morone G et al. from the Santa Lucia Foundation, Italy, in 2017 on NEUROPSYCH DIS TREAT, cited 68 times (Morone et al., 2017); a document by Mehrholz J et al. from the European Private Scientific Research Institute, Germany, in 2017 on COCHRANE DB SYST REV, cited 65 times (Mehrholz et al., 2020); a document by Bruni MF et al. from the IRCCS Neurology Center, Italy, in 2018 on J CLIN NEUROSCI, cited 61 times (Bruni et al., 2018); and a document by Calabrò RS et al. from the IRCCS Neurology Center, Italy, in 2018 on J NEUROENG REHABIL, cited 42 times (Calabrò et al., 2018), and a document by Louie DR et al. from the University of British Columbia, Canada, in 2016 on J NEUROENG REHABIL, cited 41 times (Louie and Eng, 2016). Among these five studies, four are reviews, and their findings are similar, all affirming the positive role of robotics in the gait rehabilitation of stroke patients, as detailed in Table 2.
[image: Figure 5]FIGURE 5 | Highly cited core literature analysis map.
TABLE 2 | Top 5 cited references of the highest frequency.
[image: Table 2]The top five publications ranked by centrality in the intermediary network are as follows: A document by Bruni MF et al. from the IRCCS Neurology Center, Italy, published in J CLIN NEUROSCI in 2018, with a centrality score of 0.3 (Bruni et al., 2018); a paper by Louie DR et al. from the University of British Columbia, Canada, in J NEUROENG REHABIL in 2016, with a centrality score of 0.28 (Louie and Eng, 2016); a publication by Young AJ et al. from the Georgia Institute of Technology in IEEE T NEUR SYS REH in 2017, with a centrality score of 0.25 (Young and Ferris, 2016); a study by Molteni F and team from Valduce Hospital, Italy, in BRAIN SCI in 2021, with a centrality score of 0.22 (Molteni et al., 2021); and a document by Morone G et al. from the Santa Lucia Foundation, Italy, in NEUROPSYCH DIS TREAT in 2017, with a centrality score of 0.2 (Morone et al., 2017), as detailed in Table 3.
TABLE 3 | Top 5 cited core references of the betweenness centrality.
[image: Table 3]3.2.2 Highly cited literature burst intensity ranking
Burst intensity can effectively illustrate the research frontiers within a specific timeframe in a given field, showcasing the areas of concentrated interest and trends. The recent 10-year outlook on the most highly cited publications, ranked by burst intensity in this domain, is presented in Figure 6 (Mehrholz et al., 2020; Louie and Eng, 2016; Duncan et al., 2011; Langhorne et al., 2011; Dobkin and Duncan, 2012; Mehrholz and Pohl, 2012; Pennycott et al., 2012; Kawamoto et al., 2013; Klamroth-Marganska et al., 2014; Nilsson et al., 2014).
[image: Figure 6]FIGURE 6 | Co-cited references of the burst intensity.
3.2.3 Analysis of keyword co-occurrence
In the co-occurrence graph of keywords, the size of a node represents the frequency of occurrence of the keyword; the larger the node, the more frequently the keyword appears, indicating a higher popularity of the research topic. The primary metric for measurement is betweenness centrality (ranging from 0 to 1), where a higher value signifies greater influence. A betweenness centrality of ≥0.1 indicates high centrality. As shown in Table 4; Figure 7, the top 10 keywords by betweenness centrality are: rehabilitation, walking, gait rehabilitation, stroke, therapy, body weight support, stroke patients, individuals, upper limb, recovery. The top 10 keywords by frequency of occurrence are: stroke, rehabilitation, walking, recovery, gait, design, spinal cord injury, exoskeleton, therapy, stroke patients.
TABLE 4 | Top 10 keywords of the betweenness centrality and frequency.
[image: Table 4][image: Figure 7]FIGURE 7 | Keyword co-occurrence analysis map.
3.2.4 Analysis of keyword co-occurrence clustering
Keyword co-occurrence clustering analysis is the process of grouping closely related and similar keywords into one category. The greater the number of keywords in a cluster, the smaller the cluster number. The modularity Q represents the clarity of the boundaries between clusters, indicating the significance of the cluster structure. It is generally considered satisfactory if this value is >0.3, indicating clear cluster delineation and significant structure. The Silhouette value measures the degree of closeness between keywords within a cluster, with Silhouette S > 0.5 indicating reasonable clustering. As shown in Figure 8, the cluster modularity Q is 0.3955, and the average silhouette S is 0.7203, suggesting significant cluster structure and high homogeneity. The keywords are divided into 8 clusters: #0 soft robotic exosuit (0.795), #1 robot-assisted gait training (0.717), #2 multiple sclerosis (0.664), #3 magneto-rheological brake (0.619), #4 test-retest reliability (0.673), #5 electromechanical-assisted training (0.77), #6 cerebral palsy (0.754), #7 slow gait (0.891). The keywords of each cluster are listed in Table 5.
[image: Figure 8]FIGURE 8 | Keyword clustering map.
TABLE 5 | Main clusters and contained keywords.
[image: Table 5]3.2.5 Analysis of keyword burst and timeline view
Keyword burst refers to the sudden appearance of keywords within a certain period of time, representing the development trend of research. It can effectively showcase the different research frontiers at various time stages, presenting the hotspots and trends of the field. ‘Year’ indicates the first year the keyword appeared, ‘Begin’ and ‘End’ represent the start and end time of the keyword’s occurrence, respectively. ‘Strength’ denotes the intensity of burst, where a higher value indicates greater burst strength. It is generally considered that only when a keyword’s burst strength exceeds 3 can it be termed an emerging keyword. A timeline view, created after generating the co-citation cluster map, uses cluster numbers as the Y-axis and the publication years of citations as the X-axis to draw a knowledge map. As shown in Figures 9, 10, the burst of keywords in this research field can be roughly divided into two periods: (1) From 2014 to 2020, the research focus was on exploring the effectiveness and reliability of RE in assisting stroke patients with gait training. The movement patterns of gait training were continuously adjusted in practice, and the types and functions of RE were constantly optimized and iterated. (2) From 2021 to 2024, the emerging hotspots shifted to quality of life, machine learning, and cost.
[image: Figure 9]FIGURE 9 | Keyword timeline view.
[image: Figure 10]FIGURE 10 | Ranking of keywords by burst strength.
4 DISCUSSION
4.1 Distribution of countries, institutions, authors, and co-citation analysis
In terms of publication volume and betweenness centrality, the United States of America ranks first, overall indicating that Western countries lead in this field, while Asian countries such as China, South Korea, and Japan also possess strong capabilities. This may relate to the economic strength of these countries, policy directions, and research funding orientations. The United States has the highest number of publications globally and has always been at the forefront of technological innovation and artificial intelligence. As a populous country, China has seen an increasing incidence and number of stroke patients (Wu et al., 2019), thus prioritizing related research. Being a manufacturing powerhouse, China has rapidly developed in the field of artificial intelligence in recent years, leading to swift advancements and applications of RE. Notably, although China ranks second globally in publication volume, its betweenness centrality is relatively low. This may be due to the country’s significant investment in this field in recent years, leading to a rapid increase in publications. However, due to a later start in technology, its performance in academic collaboration appears less favorable. While Switzerland does not dominate in publication volume, the Swiss Federal Institutes of Technology Domain has shown exceptional performance in institutional cooperation, possibly due to its early start in research and technical accumulation in engineering and technology fields.
Overall, authors with a high frequency of citations and betweenness centrality in the cited literature are predominantly scholars in the medical field, with few from engineering disciplines. This might be attributed to the fact that although the development of RE poses a technological challenge, the clinical efficacy of such devices requires long-term and careful observation. Hence, scholars in the medical field tend to have their publications cited more frequently in this area. Among them, the most frequently cited and highest betweenness centrality author is Professor J. Mehrholz from the European Private Scientific Research Institute and the Carl Gustav Carus Faculty of Medicine at Dresden University of Technology in Germany. Professor Mehrholz’s research primarily focuses on functional impairments caused by conditions such as stroke, Parkinson’s disease, and myasthenia, and is dedicated to evaluating the effectiveness of common rehabilitation methods in the neurology field through evidence-based medicine. His research direction in the field of motor rehabilitation for stroke patients includes electromechanical-assisted training, robotic-assisted therapy, and other means to improve lower limb function (Hesse et al., 2008; Mehrholz and Pohl, 2012; Mehrholz, 2016; Mehrholz et al., 2017; Wu et al., 2019).
Highly cited papers often include reviews and systematic reviews, likely because research related to RE mainly consists of comparative studies. However, due to constraints related to research subjects, intervention measures, ethics, etc., initial studies tend to have smaller sample sizes (Leow et al., 2023). Meta-analyses increase the sample size by pooling study results, thereby offering a more holistic and comprehensive analysis of intervention effects, leading to a higher citation count. However, due to inherent limitations of meta-analyses, such as issues with heterogeneity, publication bias, and significant influence from the quality of original studies (Khan et al., 1996; Hatala et al., 2005), meta-analyses cannot replace original research. The field requires more large-scale, multicenter randomized controlled trials to provide high-quality evidence in the future.
4.2 The research status and hotspots of RE assisting in gait therapy for stroke patients
From the standpoint of publication volume and timing, the application of RE in facilitating gait rehabilitation for patients with stroke-induced hemiparesis has attracted increasing scholarly interest since the early 21st century, with a significantly growing body of literature observed. Notably, a marked increase in publications has been evident since 2016. This trend can likely be attributed to the advanced maturation of RE technology and its evolution from a phase of technological exploration to broader market and application phases (Calafiore et al., 2022). According to an analysis of keyword co-occurrence and clustering, the past decade’s prominent research topics have encompassed the technology of RE, including both hardware and control strategies, alongside their clinical applications. Prior to 2016, technological research predominantly focused on body weight support and motion control within RE systems. Following 2020, machine learning has become a pivotal area of research interest. In the domain of RE applications, the period leading up to 2020 saw intense research focus on evaluating the efficacy and safety outcomes. After 2020, the academic community has increasingly turned its attention towards examining the impact of RE on quality of life and considerations of cost analysis.
4.2.1 RE hardware devices
Currently, there are two types of RE: rigid exoskeletons and soft exoskeletons. Accroding to keyword co-occurrence clustering analysis, “soft exoskeletons” was the hotspots. In the analysis of keyword co-occurrence, the high frequency of occurrence for “weight support” indicates that the weight ratio (the self-weight of the exoskeleton and its maximum load capacity) is a technical research focal point in the hardware configuration of exoskeletons. The average weight of exoskeletons used for stroke patients is 8.90 ± 7.48 kg, with a maximum carrying weight of 100 kg (Rodríguez-Fernández et al., 2021). The more joint drives an RE has, the heavier it becomes, and the overweight exoskeleton becomes a problem for patients to wear and carry (Tefertiller et al., 2018). Soft exoskeletons, due to their different materials, tend to be lighter than rigid exoskeletons (Sanchez-Villamañan et al., 2019), but their load-bearing capacity is less than that of rigid exoskeletons, therefore their use is limited in patients with severe muscle weakness and may increase the risk of falling (Awad et al., 2017). Stroke patients have a higher rate of obesity (Ekker et al., 2018), and although the weight of stroke survivors decreases post-stroke, during the subacute phase of stroke—a critical period for recovery—the patient’s weight does not suddenly drop. Therefore, when designing, a broader audience needs to be considered, and engineers need to consider reducing the self-weight of the exoskeleton while increasing its load-bearing capacity.
4.2.2 Control strategies of RE
Scholars such as De Miguel-Fernández, J, in their work (de Miguel-Fernández et al., 2023), focus on the research progress in incorporating fall detection, balance recovery, and stability assurance strategies in the design and application of lower limb exoskeletons. They provide an overview of the current control strategy framework for lower limb exoskeletons and analyze the advantages and disadvantages of common methods used for stable walking with exoskeletons (including zero moment point, center of mass, and extrapolated center of mass). The study finds that the current level of evidence regarding the effectiveness of different machine control strategies on clinical outcomes for patients is not high. This is mainly due to the limited number of studies on RE with different control strategies within the same series and the lack of uniformity in research subjects and clinical outcome indicators, leading to high heterogeneity in clinical results. It is suggested that future research should focus more on standardized comparisons between control strategies, analyze the relationship between control parameters and biomechanical indicators, and reduce biases caused by hardware heterogeneity and patients’ own recovery and compensation strategies. David Pinto-Fernandez et al. (Pinto-Fernandez et al., 2020) note that the number of papers assessing robot-assisted motion is growing exponentially, with almost half of the papers focusing on walking on level ground or treadmills. This highlights that the current research hotspot on exoskeleton motion control strategies is still on achieving basic motor skills. However, the study of control strategies should go beyond the achievement of basic motor skills to more extensively focus on how these strategies can be effectively translated into clinical practice, particularly in complex and unpredictable outdoor environments. In the clinical setting, the control strategies for RE require further refinement and personalization to cater to the specific needs and rehabilitation stages of different patients (Tian et al., 2024). As demonstrated in the framework proposed by Hohl et al. (Hohl et al., 2022) clinicians should consider the patient’s specific impairments, device characteristics, and the overall goals of the treatment plan when selecting and implementing exoskeleton technology. This includes a detailed matching of the support level provided by the device, assistance/resistance modes, feedback enhancement, and the minimum functionality required.
4.2.3 The efficacy of RE-assisted walking therapy for stroke patients
The effectiveness of RE in stroke patients primarily pertains to the correction of abnormal gait patterns and the enhancement of walking ability. Additional reported benefits include improved cardiopulmonary function, alleviation of lower limb spasticity, enhancement of patients’ balance capabilities, promotion of proprioceptive recovery, and increased neural plasticity (Molteni et al., 2020; Herrin et al., 2023; Lee et al., 2023; Rey-Prieto et al., 2023). Currently, most RE on the market offer dual functionalities, as lower limb rehabilitation in clinical settings is predominantly based on gait. Initiating walking training too early in acute stroke patients can lead to abnormal movement patterns due to insufficient leg strength and balance (Plummer et al., 2007). RE can simulate normal gait patterns in a weight-reduced state and adjust the level of assistance based on the patient’s gait changes, thus helping patients establish a normal gait while also improving muscle strength and walking distance. Commonly used criteria for assessing the promotion of lower limb rehabilitation by RE include walking ability tests, muscle tone and strength assessments, joint range of motion measurements, balance ability assessments, gait analysis (including kinematic and kinetic analyses, and dynamic electromyography tracking), and surface electromyography. Calabrò et al. conducted a clinical trial on neuroplasticity in stroke patients utilizing powered exoskeletons, finding that the exoskeletons also impact the wearer’s neuromuscular control, facilitating the restoration of specific cerebral plasticity mechanisms. Although RE are generally beneficial for lower limb rehabilitation and social reintegration in hemiplegic stroke patients, the current evidence is insufficient for clinical physicians to select specific treatment plans due to variations in RE types, treatment dosages, stages of stroke patients, and disease severity. This has become one of the barriers to the clinical application of RE. Future research could consider comparing different RE, treatment doses, and stroke populations to provide more detailed and reliable treatment strategies for clinical physicians, guiding the selection and use of RE for patients with different clinical needs.
The effectiveness of RE is of paramount concern for developers and clinical researchers, yet it is important to note that research on user experience is relatively scarce (Louie et al., 2020; Morone et al., 2017). Given that the end users and operators of exoskeletons are patients and professional healthcare personnel, it is essential to thoroughly understand the experiences of these two groups when utilizing RE. Such insights are vital for directing the future development and optimization of RE technology. Researchers like Julie Vaughan-Graham have explored the experiences of stroke patients and physical therapists with the Exo-H2 exoskeleton (a powered exoskeleton) in gait rehabilitation. Physical therapists believe that improvements are necessary in the efficiency of donning and doffing the technology, the convenience of its operation, the diversity of parameter settings, and the real-time output of data. Concurrently, they express concerns regarding the balance of the RE and the potential musculoskeletal damage they may cause. Patients have an optimistic view of the technology, but because the exoskeleton’s pre-programmed modes control their movements, it makes them feel as though the exoskeleton is walking for them, rather than assisting. They prefer the exoskeleton to aid in walking, not to replace it. Thus, enhancing the interaction between RE and users, as well as the self-balancing features of exoskeleton are likely challenges that technicians will need to address in the future (Vaughan-Graham et al., 2020).
4.3 Research trends in RE-assisted walking therapy for stroke patients
In the field of RE technology research, RE have evolved from strict gait standardization control towards a shared control with human-machine interaction. While standardization control can correct a patient’s gait to match the trajectory of a healthy person’s gait, achieving a seemingly corrective objective, it also limits active engagement with the machine, potentially reducing the patient’s motivation (Wu, 2021). Shared control addresses this issue more effectively, currently, shared control technology mainly utilizes theories such as adaptive fuzzy control, admittance control, impedance control, and gait trajectory planning as a basis to adjust and optimize leg movements during a patient’s walking process (Rajasekaran et al., 2018). However, the application of current technology still seems to fall short of idealized interaction, with patients not being entirely satisfied with the experience. Future research hotspots and trends include exoskeleton human-machine symbiotic design, motion intention detection, human-machine hybrid system motion control, and the integration of technologies such as virtual reality and machine learning (Postol et al., 2021).
Generally, RE exert a positive effects on therapeutic effectiveness and the enhancement of quality of life. However, it is worth noting that current application research is primarily focused on patients in the subacute phase of stroke, which may be attributed to the critical importance of correcting gait and restoring walking ability during this period. Appropriate interventions during this phase can help reduce sequelae and improve long-term outcomes (Calafiore et al., 2022). However, with the decline in mortality rates among stroke patients (Benjamin et al., 2019), the life expectancy of patients in the chronic phase has extended. The capacity for mobility and self-care within this demographic necessitates proactive intervention and enhancement. Consequently, the efficacy of applications amongst such populations must also be duly reported. Additionally, previous studies often selected hospitals or specific rehabilitation treatment site due to easier access to patients and the presence of professional medical staff to prevent injuries. However, with the maturation and expansion of RE technology, future applications in homes and communities might become a trend, considering that most stroke survivors spend a significant amount of their time at home or in the community, rather than in rehabilitation institutions or hospitals.
5 LIMITATION
In terms of data, this article only retrieved documents from the Web of Science Core Collection, omitting searches in other databases such as PUBMED, Embase, and related databases. This exclusion may lead to the omission of some relevant articles in the field. Secondly, the types of documents included in this study were primarily English-language papers and reviews, thereby potentially overlooking the contributions of high-quality works published in other languages or formats. Finally, since the data of this study, such as citation counts and co-occurrence frequencies, are related to the publication date, it is possible that some high-quality articles that were published more recently may have been overlooked.
6 CONCLUSION
This study synthesizes a decade of research on robotic exoskeletons for stroke rehabilitation, revealing a surge in publications and technological evolution. The United States, China, and several European countries lead with significant contributions. Initial focus on exoskeleton development has transitioned to integrating AI and optimizing user interaction. High-impact reviews consolidate evidence, yet there’s a call for more rigorous trials. Technological strides from rigid to soft exoskeletons address weight and usability, with control strategies advancing for patient comfort and safety. Looking forward, the field is set to focus on human-machine symbiosis, motion intention detection, and the integration of virtual reality and machine learning, with potential for home and community-based rehabilitation. Future research should prioritize investigations within the cohort of chronic stroke patients, while concurrently attending to the experiential accounts of both patients and rehabilitation therapists.
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