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Abstract
Background
Neuromotor rehabilitation and improvement of upper limb functions are necessary to improve the life quality of patients who have experienced injuries or have pathological outcomes. Modern approaches, such as robotic-assisted rehabilitation can help to improve rehabilitation processes and thus improve upper limb functions. Therefore, the aim of this study was to investigate the role of robots in upper limb disability improvement and rehabilitation.

Methods
This scoping review was conducted by search in PubMed, Web of Science, Scopus, and IEEE (January 2012– February 2022). Articles related to upper limb rehabilitation robots were selected. The methodological quality of all the included studies will be appraised using the Mixed Methods Appraisal Tool (MMAT). We used an 18-field data extraction form to extract data from articles and extracted the information such as study year, country, type of study, purpose, illness or accident leading to disability, level of disability, assistive technologies, number of participants in the study, sex, age, rehabilitated part of the upper limb using a robot, duration and frequency of treatment, methods of performing rehabilitation exercises, type of evaluation, number of participants in the evaluation process, duration of intervention, study outcomes, and study conclusions. The selection of articles and data extraction was made by three authors based on inclusion and exclusion criteria. Disagreements were resolved through consultation with the fifth author. Inclusion criteria were articles involving upper limb rehabilitation robots, articles about upper limb disability caused by any illness or injury, and articles published in English. Also, articles involving other than upper limb rehabilitation robots, robots related to rehabilitation of diseases other than upper limb, systematic reviews, reviews, and meta-analyses, books, book chapters, letters to the editor, and conference papers were also excluded. Descriptive statistics methods (frequency and percentage) were used to analyses the data.

Results
We finally included 55 relevant articles. Most of the studies were done in Italy (33.82%). Most robots were used to rehabilitate stroke patients (80%). About 60.52% of the studies used games and virtual reality rehabilitate the upper limb disabilities using robots. Among the 14 types of applied evaluation methods, “evaluation and measurement of upper limb function and dexterity” was the most applied evaluation method. “Improvement in musculoskeletal functions”, “no adverse effect on patients”, and “Safe and reliable treatment” were the most cited outcomes, respectively.

Conclusions
Our findings show that robots can improve musculoskeletal functions (musculoskeletal strength, sensation, perception, vibration, muscle coordination, less spasticity, flexibility, and range of motion) and empower people by providing a variety of rehabilitation capabilities.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s13690-023-01100-8.
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	9HPT
	Nine-Hole Peg Test

	AHA
	Assisting Hand Assessment

	AHF
	Arm-Hand Function

	AMAT
	Arm Motor Ability Test

	ARAT
	Action Research Arm Test

	BBT
	Box and Block Test

	BI
	Barthel Index

	BIT
	Behavioral Inattention Test

	BRN
	Brainstem radionecrosis

	C-SCI
	Spinal cord injury

	CBS
	Catherine Bergego Scale

	CEQ
	Credibility/Expectancy Questionnaire

	CP
	Cerebral Palsy

	DAS
	Disability Assessment Scale

	DASH
	Disabilities of Arm, Shoulder, and Hand

	DN4
	Douleur Neuropathique 4

	DSEMG
	Dynamic Surface Electromyography

	Euro-QOl
	Quality of Life

	FIM
	Functional Indipendence Measure

	FMA-UE
	Fugl-Meyer Upper Extremity score

	FMRI
	Functional magnetic resonance imaging

	fNIRS
	Functional near infrared spectroscopy

	GP
	Grooved Pegboard Test

	IMI
	Intrinsic Motivation Inventory

	JTHFT
	Jebsen-Taylor Hand Function Test

	K-SDQ
	Shoulder Disability Questionnaire

	MAL
	Motor Activity Log

	MAS
	Modified Ashworth Scale

	MAS
	Modified Ashworth Scale

	MCS
	Mental health Composite Score

	MeSH
	Medical Subject Heading

	MFT
	Manual Function Test

	MI
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	MMSE
	Mini-Mental State Examination

	MRI
	Magnetic Resonance Imaging

	MRS
	Modified Rankin Scale

	MS
	Multiple sclerosis

	MSQOL-54
	Multiple Sclerosis Quality of Life-54

	NEADL
	Nottingham Extended Activities of Daily Living

	NIHSS
	National Institutes of Health Stroke Scale

	NRPS
	Numeric Rating Pain Scale

	NRS
	Numerical Rating Scale

	OCS
	Oxford Cognitive Screen

	PCS
	Physical health Composite Score

	PEDI
	Pediatric Evaluation of Disability Inventory

	POMA
	Performance Oriented Mobility Assessment

	PRWHE
	Patient-Rated Wrist and Hand Evaluation

	QOM
	Quality of Movement

	QUEST
	Quality of Upper Extremity Skills Test

	Quick-DASH
	Quick version of the Disabilities of the Arm, Shoulder, and Hand

	RCI
	Reliable Change Index

	RCT
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	SCWT
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	SDMT
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	SDS
	Self-Depression Scale

	SF-36
	Short Form Health Survey

	SIS
	Stroke Impact Scale
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	Stroke Impact Scale
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	TSS
	Tremor Severity Scale

	UL
	Upper limb

	USE
	Usefulness, Satisfaction and Ease-of-use

	VAS
	Visual analog scale

	VAS
	Visual analogue scale

	WHODAS
	World Health Organization Disability Assessment Schedule

	WMFT
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Introduction
Impaired upper limb (UL) functions to restrict the performance of activities of daily living, limit social participation [1], specifically decrease the independence of affected individuals and reduce patients’ quality of life [2, 3]. In upper limb disabilities, patients develop musculoskeletal problems such as paresis, pain, loss of sensation, and spasticity in different parts of the upper limb and so these problems can have manifold consequences in the daily lives of those impacted. These include a decreased capacity to carry out primary self-care tasks and to accomplish life-roles, which can affect emotional, mental, and psychological wellbeing [4]. Patients with upper limb disabilities need rehabilitation to improve their musculoskeletal status [5].
Neuromotor rehabilitation and recovery of upper extremity functions are necessary to improve the life quality of individuals who have suffered injuries, disabilities or have pathological outcomes, where it is favorable to raise the development of activities of daily living [6]. However, the conventional rehabilitations done by one manual-assisted movement training created by physiotherapists suffers from a lot of inherent restrictions, such as heavy labor severity, long-time consumption, lack of repeatability, low patients participation, and their low motivation to perform rehabilitation exercises [7]. Also, in conventional therapy, the accessibility of therapists, the duration of therapy sessions, and the high cost of rehabilitation tools are all considered parameters that impact on both therapists and patients [8].
New therapeutic methods have been presented to rehabilitate and improve upper limb function, and such methods are robotic rehabilitation [1]. Severe repetitions of harmonized motor activities by robots establish an important burden for the therapists who help patients. Moreover and due to economic reasons, the duration of preliminary rehabilitation is getting shorter and shorter [9]. However, some studies have pointed out that repetitive and high-severity exercises can specifically contribute to the functional recovery of the affected upper limb movement [10]. Rehabilitation robots are able of decreasing the burden on therapists by replace human intervention and preparing desire therapies that accomplish the following primary principles of upper limb rehabilitation: iteration, high severity, and task particularly [11]. Moreover, the functional impetus of a patient can be activated to raise strenuous participation and improve cognitive functions. The physical factors and treatment data can be stored and analyzed by the sensing system, and that can provide a realistic basis for optimization training technique and speed up the recovery process [7]. In addition, major boost has been given by the extension of such devices to clinical care medical and rehabilitation centers [1, 2].
Therefore, multiple benefits can be considered for rehabilitation robots : they can produce high-quality repetitive movements and increase rehabilitation strength and intensity; they can offer many types of exercises for therapists to choose from; they supply a man-machine interaction that allows for objective measurement of advancement, which itself can status modifications in interaction by changing control parameters [12]. On the other hand, task-oriented training is one of the other capabilities of rehabilitation robots, which is known as the dominant and most effective method for motor rehabilitation of upper limb function [13]. Task-based approaches in which the patient is assisted to perform a specific prescribed movement, such as lifting an object with the hand, show promising results compared to conventional exercises based on passive movement of the impaired joints in the restriction of their range of motion [14].
Robots can also be used in homes, clinics and medical centers. Patients can do the rehabilitation exercises prescribed by the therapist with the help of the robot at home without having to visit the treatment center frequently. Successful robot-assisted rehabilitation at home can facilitate intensive therapy, facilitate in-person or virtual therapy visits, preferably at low cost, and motivate patients to participate in supervised or unsupervised therapeutic activities at necessary levels for motor learning and generalization to occur [15]. Moreover, in clinics, rehabilitation robots can decrease the burden of therapists by automating tedious and labor-intensive treatment and by adapting to the particularized needs of targeted individuals [16]. For example, the hand robot skeleton designed by Wege et al., [17] can move patients’ fingers skillfully and repeatedly compared to a tired therapist training patients with manual labor.
To our knowledge, no systematic or scoping review has been performed on robots to rehabilitate upper limb disabilities. Only a few systematic reviews have been done in the areas of classification of interactive wearable systems for monitoring body movement and posture during upper body rehabilitation, estimating the wearability of the wearable devices [18], presenting state of the art in sensor fusion applied in applications for hand rehabilitation [19], evaluating the role of serious games in upper limb rehabilitation, identifying common procedures and exercises as well as technology patterns [20], evaluating the effectiveness of upper limb wearable technology to improve activity and engagement in stroke survivors [21] and determining the effects of robot-assisted treatment on motor-functional improvement in stroke patients [22]. So, the aim of the present study was to investigate the role of robots in upper limb disability improvement and rehabilitation. In this study, we identify the most common diseases or complications leading to upper limb disability for which robots have been used for rehabilitation. Moreover, we identify the most important technologies that can be used along with rehabilitation robots, the types of evaluation methods of rehabilitation robots and the outcomes of robot use for individuals with upper limb disabilities.

Materials and methods
In the current study, we used the PRISMA scoping reviews checklist for selecting studies and reporting the results [23].
Search strategy and information sources
To find articles related to the rehabilitation of upper limb disabilities using robots, four databases, PubMed, Web of Science, Scopus, and IEEE were searched. In order to search these databases, the keywords related to the upper limb, rehabilitation, and robots were used. Relevant Medical Subject Heading (MeSH) Keywords, spelling differences and synonyms were included and altered as suitable for each database. Then, the below search strategy was developed by KB, ASH, and KHM and finally approved by AH.
((upper extremity disability OR upper limb disability) AND (rehabilitation OR telerehabilitation) AND (robot OR robotics))
Articles addressing upper limb rehabilitation robots were included in to study. The PRISMA diagram is demonstrated in Fig. 1.
[image: ]
Fig. 1Study selection process



Eligibility criteria
Inclusion and exclusion criteria are presented below.
Inclusion criteria
	1.
Articles involving upper limb rehabilitation robots.

 

	2.
Articles about upper limb disability caused by any illness or injury.

 

	3.
Studies involving rehabilitation robots designed for all ages.

 

	4.
Robotic devices used with any assistive technologies (such as telerehabilitation systems and games based on virtual reality, etc.)

 

	5.
Articles published in English.

 

	6.
Time of publication between January 2012– February 2022.

 




It should be noted due to the rapid development of technologies and rehabilitation robots, we limited our investigation to the last ten years. We wanted to identify the latest and newest technologies that can be used along with rehabilitation robots, evaluation methods and the outcomes of these robots in recent years. Xue et al. [24], believed that rehabilitation robotics is a relatively young field growing rapidly with increasing penetration into therapeutic environments. Therefore, the newer dimensions of this rehabilitation tool should always be considered. In addition, the number of articles published in the last ten years was sufficient to answer the questions of this research. Therefore, this scoping review included articles published from January 2012– February 2022.

Exclusion criteria
	1.
Articles involving other than upper limb rehabilitation robots.

 

	2.
Robots related to rehabilitation of diseases other than upper limb.

 

	3.
Systematic reviews, reviews, and meta-analysis.

 

	4.
Books.

 

	5.
Book chapters.

 

	6.
Letter to the editor.

 

	7.
Conference abstracts.

 

	8.
Research protocol or protocol study.

 






Study selection
First, abstracts of all related articles were retrieved from four databases: PubMed, Web of Science, Scopus, and IEEE, and imported into EndNote software by KHM. Duplicate articles were removed. After studying the title, and abstract, the relevant articles were selected according to the inclusion and exclusion criteria by KHM and ASH. Then, all studies included in the study were reviewed and finalized by KB and AH. In disagreement, the final decision on each article is decided by discussion among the study team members. Finally, the full text of the articles was studied to extract data and information from KHM and ASH.

Critical appraisal of individual sources of evidence
Critical evaluation of data was done by ASH and KHM independently using Mixed Methods Appraisal Tool (MMAT, version 2018: Hong et al., 2018). Disagreement between authors (n = 4 articles) was resolved by discussion between two other authors (KB and AH) until reaching an agreement. We evaluated studies according to the MMAT criteria according to the selected category. The latest version of the MMAT offers a descriptive quality appraisal instead of a summative numerical score. Answer options in all study categories include “yes”, “no” and “can’t tell”. The answer “can’t tell” indicates that not enough information was reported in the study for a “yes” or “no” answer. A “can’t tell” rating may indicate a need to search for companion studies or contact study authors for more information [25].

Data charting process and data items
Data were extracted using a predetermined form. The validity of this form was confirmed by two specialists in medical informatics and software engineer, a physiotherapist, and a specialist in health information management. This data extraction form also includes fields such as year, country, type of study, purpose, illness or accident leading to disability (Table 1), level of disability (Table 2), assistive technologies (telerehabilitation, virtual reality or games) (Table 1 and more details in Appendix B), number of participants in the study, sex, age (Table 3 and more details in B)), rehabilitated part of the upper limb using a robot (Table 4), duration and frequency of treatment, methods of performing rehabilitation exercises, type of evaluation, number of participants in the evaluation process (Table 5 and more details in Appendix B), study outcomes (Table 6 and more details in Appendix B) and study conclusions (more details in Appendix B).
Table 1Summary of results from reviewed articles


	Ref
	Country
	Year
	Study type
	Study aim
	Illness or accident leading to disability
	Level of disability
	Use of telerehabilitation
	Use games and virtual reality

	Hwang [66]
	Republic of Korea
	2012
	Randomized controlled trials (RCT)
	Evaluating robot-assisted hand and finger rehabilitation in stroke patients
	Stroke
	Fingers
	 	√

	Carpinella [26]
	Italy
	2012
	Pilot study
	Comparing two reaching tasks (RT) and objects’ reaching and manipulation (RMT) protocols for upper extremity robot-based rehabilitation in MS patients
	Multiple sclerosis (MS)
	Upper limb
	 	 
	Hu [56]
	USA
	2013
	Experimental study
	Investigating the effectiveness of robot-assisted upper limb training in stroke patients
	Stroke
	Fingers and wrist
	 	√

	Squeri [57]
	Italy
	2014
	Pilot study
	Developing a novel therapeutic protocol aimed at restoring wrist functionality in chronic stroke patients
	Stroke
	Wrist and forearm
	 	√

	Sale [76]
	Italy
	2014
	RCT
	Evaluating the effects of robot-assisted hand therapy compared to intensive occupational therapy in stroke patients
	Stroke
	Hand
	 	 
	Sale [27]
	Italy
	2014
	Before and after
	Determining the short-term and long-term changes in the motor performance of patients with chronic hemiparesis after using a rehabilitation robot
	Chronic hemiparesis
	Upper limb
	 	 
	Klamroth-Marganska [70]
	Switzerland
	2014
	RCT
	Evaluation of the effect of a skeleton robot in training the injured arm compared to conventional treatment
	Stroke
	Arm, elbow and shoulder
	 	√

	Hsieh [58]
	Taiwan
	2014
	Observational cohort study
	Investigating the predictors of minimal clinically important changes on outcome measures after robot-assisted therapy
	Stroke
	Wrist and forearm
	 	 
	Pennati [28]
	Italy
	2015
	RCT
	Investigating the effect of combining a short robotic exercise and chemical neurolysis in reducing spasm and improving function in patients with stroke
	Stroke
	Upper limb
	 	 
	McCabe [29]
	USA
	2015
	RCT
	Investigating the effect of using robotics on motor learning of the upper limbs of chronic and injured stroke survivors
	Stroke
	Upper limb
	 	 
	Chen [59]
	China
	2015
	Not mentioned
	Design and development of a cable wrist robotic rehabilitation device for motor training or assisting people with motor disabilities in the upper limb.
	Stroke
	Wrist and arm
	 	√

	Vanmulken [71]
	Netherlands
	2015
	Feasibility study
	Investigating the feasibility of tactile robot technology in improving arm and hand performance and skill in people with cervical spinal cord injury
	Spinal cord injury (C-SCI)
	Arm and hand
	 	 
	Gilliaux [30]
	Belgium
	2015
	RCT
	Evaluating the effectiveness of robot-assisted therapy in children with cerebral palsy
	Cerebral Palsy
	Upper limb
	 	√

	Taveggia [31]
	Italy
	2016
	RCT
	Evaluating the effectiveness of robotic-assisted movement and activity in upper limb rehabilitation in hospitalized patients after stroke
	Stroke
	Upper limb
	 	√

	Biggar [77]
	United Kingdom
	2016
	Feasibility Study
	Design and development of a wearable robotic glove to assist in the rehabilitation of patients at home
	Stroke
	Hand
	 	 
	Orihuela-Espina [78]
	Mexico
	2016
	RCT
	Determining the effectiveness of robot-based treatments in the motor improvement of stroke patients
	Stroke
	Hand
	 	 
	Song [32]
	China
	2016
	Not mentioned
	Development and design of a robot for upper limb telerehabilitation after a stroke
	Stroke
	Upper limb
	√
	√

	Vanoglio [79]
	Italy
	2017
	RCT
	Evaluating the feasibility and effectiveness of hand and arm rehabilitation with the help of a robot in subacute hemiplegic patients
	Stroke
	Hand
	 	 
	Trujillo [33]
	Italy
	2017
	Not mentioned
	Assessing the relationship between quantitative electroencephalography (QEEG) measures and motor outcome in chronic stroke patients undergoing a robot-assisted rehabilitation program to predict motor recovery
	Stroke
	Upper limb
	 	 
	Saita [34]
	Japan
	2017
	Pilot study
	Investigating the effects of robot-assisted rehabilitation and botulinum toxin in the treatment of paretic arm with spasticity in stroke patients
	Stroke
	Upper limb
	 	 
	Nam [80]
	Hong Kong
	2017
	RCT
	Investigating the effects of robotic-assisted rehabilitation and training on the upper limbs of people with chronic stroke
	Stroke
	Hand and elbow
	 	 
	McKenzie [60]
	USA
	2017
	Cross sectional
	Validation and evaluation of the effect of a rehabilitation robot in improving arm motor function after stroke
	Stroke
	Wrist and fingers
	 	√

	Kim [72]
	USA
	2017
	RCT
	Comparison of long-term effects of external and internal focus after robot-assisted arm training
	Stroke
	Arm and shoulder
	 	√

	Bishop [67]
	Columbia
	2017
	Pilot Study
	Investigating the effect of training with a robotic system on paralysis and hand function in hemiparesis patients
	Hemiparesis
	Fingers
	 	√

	Housley [61]
	USA
	2017
	Pilot study
	Investigating the improvement of upper limb function and quality of life due to the use of a robot skeleton
	Stroke
	Wrist
	√
	√

	Hsieh [35]
	Taiwan
	2017
	RCT
	Investigating the therapeutic effects of robotic priming on daily function, movement disorders, and quality of life in stroke patients
	Stroke
	Upper limb
	 	 
	Gandolfi [36]
	Italy
	2018
	RCT
	Comparison of the effect of robot-assisted hand training on muscle activity, hand skills, and upper limb dysfunction
	MS
	Upper limb
	 	√

	Lee [74]
	Korea
	2018
	Pilot study
	Design, development and evaluation of a shoulder joint tracking module for upper limb rehabilitation robots
	Stroke
	Shoulders
	 	 
	Germanotta [37]
	Italy
	2018
	Cross-sectional
	Evaluation of validity, capability and reliability of a robotic device for upper limb rehabilitation
	Stroke
	Upper limb
	 	 
	Kim [38]
	Korea
	2018
	Pilot stud
	Evaluation of the effects of therapeutic exercise with a robot in improving the upper limb in patients with chronic stroke
	Stroke
	Upper limb
	 	√

	Villafañe [68]
	Italy
	2018
	RCT
	Evaluation of the effect of robot and occupational therapy in motor improvement of stroke patients
	Stroke
	Fingers, shoulder, and arm
	 	√

	Palermo [62]
	Italy
	2018
	Before and after
	Evaluation of the effects of robotic rehabilitation on ten subacute stroke survivors
	Stroke
	Shoulders, elbow, wrist
	 	√

	Iwamoto [39]
	Japan
	2018
	Not mentioned
	Determining the effects of using single-joint hybrid auxiliary limb in upper limb rehabilitation of stroke patients
	Stroke
	Upper limb
	 	 
	Kim [75]
	South Korea
	2019
	RCT
	Investigating the therapeutic effects of a shoulder robot on hemiplegic shoulder pain after stroke
	Stroke
	Shoulder
	 	√

	Dehem [40]
	Belgium
	2019
	RCT
	Evaluating the effectiveness of upper limb robotic-assisted treatment as an alternative to conventional treatment in the rehabilitation of stroke patients
	Stroke
	Upper limb
	 	√

	Hung [41]
	Taiwan
	2019
	RCT
	Investigating the effects of combined unilateral and bilateral hybrid therapy compared to robot-assisted therapy in patients with chronic stroke
	Stroke
	Upper Limb
	 	 
	Conroy [42]
	USA
	2019
	RCT
	Investigating the effectiveness of robot therapy on motor outcomes of patients with moderate to severe arm disability with chronic stroke
	Stroke
	Upper limb
	 	√

	Bonanno [43]
	Italy
	2019
	Case series study
	Investigating motor-functional improvement in multiple sclerosis patients after robot-assisted rehabilitation
	MS
	Upper limb
	 	√

	Leem [44]
	Republic of Korea
	2019
	Retrospective study
	Determining the effect of robot therapy on stroke patients according to the demographic and clinical characteristics of these patients
	Stroke
	Upper limb
	 	√

	Kim [45]
	South Korea
	2019
	Before and after
	Investigating the effect of sensory stimulation and upper limb function of stroke patients after rehabilitation with the help of robots and virtual reality
	Stroke
	Upper limb
	 	√

	Tartamella [46]
	Italy
	2020
	Case study
	Evaluation of the usefulness of a robotic intensive neural rehabilitation program to improve functional independence in a 57-year-old patient with BRN
	Brainstem radionecrosis (BRN)
	Upper limb
	 	√

	Solaro [47]
	Italy
	2020
	RCT
	Comparing robot-assisted training based on tactile or sensorimotor training in the rehabilitation of upper limb disabilities in multiple sclerosis patients
	MS
	Upper limb
	 	√

	Picelli [63]
	Italy
	2020
	RCT
	Evaluation of the effects of robot-assisted arm therapy in patients with distal radius injury
	Distal radius fracture
	Wrist and forearm
	 	 
	Kuo [69]
	Taiwan
	2020
	Case series study
	Investigating the effects of robot therapy in improving the upper limb disabilities of patients with cerebral palsy
	Cerebral Palsy (CP)
	Fingers
	-
	√

	Aprile [48]
	Italy
	2020
	RCT
	Investigation of shoulder pain, motor function, and quality of life in stroke patients after upper limb rehabilitation after robotic or conventional treatment
	Stroke
	Upper limb
	 	√

	Aprile [49]
	Italy
	2020
	Before and after
	Evaluation of the effect of using three robots and a sensor-based system in the rehabilitation of upper limb disabilities
	Stroke
	Upper limb
	 	√

	Bouteraa [64]
	Egypt
	2020
	Case study
	Designing and developing a new robotic system for the rehabilitation of the upper extremities
	Stroke
	Arm, wrist, forearm
	 	√

	Kim [50]
	US
	2020
	RCT
	Investigating the effects of following instructions on upper limb movement status in chronic stroke survivors after using a rehabilitation robot
	Stroke
	Upper limb
	 	√

	Bui [51]
	USA
	2021
	Cross-sectional
	Investigating the effects of robotic rehabilitation in improving cognitive and movement disorders in adults with HIV and stroke
	Stroke
	Upper limb
	 	√

	Flynn [52]
	Australia
	2021
	Not mentioned
	Investigating the stability of treatment and rehabilitation of the upper limb with the help of a robot in stroke survivors
	Stroke
	Upper limb
	 	 
	Terranova [53]
	Brazil
	2021
	RCT
	Investigating the difference between robot-assisted therapy and restriction-induced movement therapy after using a rehabilitation program by chronic stroke patients.
	Stroke
	Upper limb
	 	 
	Shi [65]
	China.
	2021
	Before and after
	Investigating the clinical effectiveness of a soft robotic hand in fingers, wrist and elbow rehabilitation
	Stroke
	Fingers, wrist and elbow
	 	 
	Chen [73]
	China
	2021
	RCT
	Investigating the effects of robot-assisted arm training on arm motor performance, one-sided spatial neglect, social participation and daily life activities after stroke
	Stroke
	Arm
	 	√

	Qu [54]
	China
	2021
	RCT
	Investigating the effect of using robot-assisted training on upper limb function in stroke patients
	Stroke
	Upper limb
	 	√

	Abd [55]
	Saudi Arabia
	2022
	RCT
	Investigating the effects of rehabilitation exercises provided through games and robots on motor functions and upper limb spasticity in individuals with chronic stroke.
	Stroke
	Upper limb
	 	√




Table 2Different levels of upper limb disability


	Different levels of upper limb disability

	Level of disability (references)
	References frequency

	Entire upper limb [26–55]
	30

	Wrist [56–65]
	10

	Fingers [56, 60, 65–69]
	7

	Arm [59, 64, 68, 70–73]
	7

	Shoulder [62, 68, 70, 72, 74, 75]
	6

	Hand [71, 76–80]
	6

	Elbow [62, 65, 70, 80]
	4

	Forearm [57, 58, 63, 64]
	4




Table 3Information of patients participating in evaluation processes


	Variables
	References
	References frequency

	Sex
	Male
	 [46, 77]
	2

	Female
	 [43]
	1

	Male and female
	 [26–29, 31–42, 44, 45, 47–58, 60–63, 65–76, 78–80]
	49

	Participant age
	<=18
	 [30, 67, 69, 76]
	4

	> 18
	 [26–29, 31, 33–51, 53–60, 62, 63, 65–68, 70–73, 75, 76, 78–80]
	47

	Duration of treatment
	< 1 month
	 [26, 28, 32, 33, 35, 39, 47, 49, 51, 54, 56, 58, 60, 62–64, 66, 68, 72, 73, 75]
	21

	1–2 month
	 [29–31, 34, 36, 40, 43–46, 50, 53, 55, 57, 61, 65, 67, 69, 71, 76, 78–80]
	23

	>= 3 month
	 [27, 42, 48, 52, 70]
	5




Table 4Rehabilitated part of the upper limb using a robot


	Upper limb pasts(references)
	References frequency

	Entire upper limb [27–33, 37, 40, 45, 49, 51, 52, 54, 55]
	15

	Wrist [35, 44, 46, 53, 56–65]
	14

	Fingers [36, 43, 44, 46, 56, 60, 65–69, 79]
	12

	Shoulder [42, 46, 48, 53, 62, 68, 70, 72, 74, 75, 81]
	11

	Arm [26, 50, 59, 64, 68, 70–73]
	9

	Elbow [34, 39, 42, 46, 53, 62, 65, 70, 80]
	9

	Hand [47, 67, 71, 77, 78, 80]
	6

	Forearm [41, 57, 58, 63, 64]
	5

	Hand [76, 79]
	2




Table 5Types of evaluation in upper limb rehabilitation robots


	Evaluation types
	Evaluation Methods/tools(references)
	References frequency
	All References for evaluation types
	The total frequency of types of evaluation based on the number of references

	Evaluation and measurement of upper limb function and dexterity
	Fugl-Meyer Upper Extremity score (FMA-UE) [27–29, 33–37, 41, 48–50, 53–55, 57, 58, 60, 61, 65–67, 69, 70, 72, 73, 75, 76, 78, 80]
	30
	 [26–31, 33–51, 53–76, 78–80]
	52

	Barthel Index (BI) [34, 37, 39, 48, 49, 60, 68, 73, 75, 79]
	10

	Modified Ashworth Scale (MAS) [28, 31, 34, 39, 44, 46, 55, 56, 65, 68, 80]
	11

	Box and Block Test (BBT) [27, 28, 30, 35, 38, 40, 51, 58, 60, 65, 69]
	11

	Wolf Motor Function (WMFT) [40, 42, 50, 53, 56, 57, 61, 70, 72, 80]
	10

	Action Research Arm Test (ARAT) [26, 34, 37, 47, 55, 56, 60, 65, 80]
	9

	Functional Independence Measure (FIM) [28, 31, 34, 35, 39, 44, 46, 80]
	8

	Active or Passive Range Of Motion (ROM) [55, 57, 61, 63, 64, 75]
	6

	Nine-Hole Peg Test (9HPT) [26, 36, 38, 43, 47, 79]
	6

	Stroke Impact Scale (SIS) [35, 40, 60, 61]
	5

	Motor Activity Log (MAL) [34, 39, 58]
	3

	Dynamic Surface Electromyography (DSEMG) [28, 64, 78]
	3

	ABILHAND-Kids [30, 69]
	2

	National Institutes of Health Stroke Scale (NIHSS) [68, 75]
	2

	Quality of Upper Extremity Skills Test (QUEST) [30, 67]
	2

	Jebsen-Taylor Hand Function Test (JTHFT) [45, 67]
	2

	Physical health Composite Score (PCS) [48]
	1

	Modified Rankin Scale (MRS) [35]
	1

	Arm Motor Ability Test (AMAT) [29]
	1

	Semi-structured interview to assess arm function [36]
	1

	Patient-Rated Wrist and Hand Evaluation (PRWHE) [63]
	1

	Arm-Hand Function (AHF) [71]
	1

	Pediatric Evaluation of Disability Inventory (PEDI) [67]
	1

	Performance Oriented Mobility Assessment (POMA) [46]
	1

	Reliable Change Index (RCI) [46]
	1

	Symbol Digit Modalities Test (SDMT) [49]
	1

	Total active mobility (TAM) [34]
	1

	Disability Assessment Scale (DAS) [34]
	1

	Pegboard test [66]
	1

	Intrinsic Motivation Inventory (IMI) [71]
	1

	Spinal Cord Independence(SCI) [71]
	1

	Assisting Hand Assessment (AHA) [67]
	1

	World Health Organization Disability Assessment Schedule (WHODAS) [73]
	1

	Manual Function Test (MFT) [44]
	1

	Disabilities of Arm, Shoulder, and Hand (DASH) [68]
	1

	Shoulder Disability Questionnaire (K-SDQ) [75]
	1

	Sensors [59, 74]
	1

	Reflective markers [62]
	 
	Grooved Pegboard Test (GP) [51]
	1

	Range and motor skills and functional strength of the hand
	Motricity Index (MI) [31, 36, 39, 48, 49, 76, 79]
	7
	 [31, 36, 38, 39, 48, 49, 51, 55, 63, 69, 76, 79]
	12

	Grip Strength Test [38, 39, 51, 55, 63, 69, 79]
	7

	Medical Research Council Scale for Muscle Strength (hand flexor and extensor muscles) (MRC) [46, 76]
	2

	Pinch Strength [79]
	1

	Quality of Movement (QOM) [39]
	1

	Amadeo® hand muscle strength: Measures of muscle strength using the robotic device [36]
	1

	Neuropsychological assessment
	Mini-Mental State Examination (MMSE) [34, 39, 44, 46, 54]
	5
	 [34, 39, 44–46, 48, 49, 54, 71, 73]
	11

	Stroop Color and Word Test (SCWT) [45, 49]
	2

	Mental health Composite Score (MCS) [48]
	1

	Behavioral Inattention Test (BIT) [73]
	1

	Credibility/Expectancy Questionnaire (CEQ) [71]
	1

	Catherine Bergego Scale (CBS) [73]
	1

	Rey Osterrieth complex figure test (ROCF) [49]
	1

	Symbol Digit Modalities Test (SDMT) [49]
	1

	Oxford Cognitive Screen (OCS) [49]
	1

	Digit Span Task [49]
	1

	Tower of London test [49]
	1

	Trail making test (TMT) [45]
	1

	Self-Depression Scale (SDS) [34]
	1

	Quality of life
	Stroke Impact Scale (SIS) [35, 40–42, 60, 61]
	6
	 [28, 35, 36, 40–42, 48, 60, 61]
	9

	Short Form Health Survey (SF-36) [48]
	1

	Nottingham Extended Activities of Daily Living (NEADL) [41]
	1

	Multiple Sclerosis Quality of Life-54 (MSQOL-54) [36]
	1

	Quality of Life (Euro-QOl) [28]
	1

	Lab-based clinical and kinematic
	Magnetic Resonance Imaging (MRI) [46, 60]
	2
	 [34, 43, 46, 60]
	4

	Functional magnetic resonance imaging (fMRI) [43]
	1

	Functional near infrared spectroscopy (fNIRS) [34]
	1

	Severity of pain
	Douleur Neuropathique 4 (DN4) [48]
	1
	 [31, 48, 68]
	3

	Numeric Rating Pain Scale (NRPS) [31, 48]
	2

	visual analog scale (VAS) [68]
	1

	Reliability
	Force and position sensors [32]
	1
	 [32, 37]
	2

	Based on the time required to complete the task, the average velocity of the device during the test, the Global length of the path travelled by the subject during center-out movements, the line integral of the force along the path described by the patient, and the amount of total work directed towards the target [37]
	1

	Efficiency
	Force and position sensors [32]
	1
	 [32, 79]
	2

	Motricity Index (MI) [79]
	1

	Nine Hole Peg Test [79]
	1

	Grip and Pinch test [79]
	1

	The quick version of the Disabilities of the Arm, Shoulder, and Hand (Quick-DASH) [79]
	1

	Feasibility of the use of the system
	Motion analysis of the fingers both with and without the device [77]
	1
	 [77, 79]
	2

	- Assessment of the side effects by reporting any adverse events occurring during the study by the physiotherapist in regard to the use of Gloreha Professional [79]
-Assessment of the level of operator difficulty for the physiotherapist in managing the device by visual analogue scale (VAS) [79]
	1

	Cost analysis
	- Costs calculation in terms of the time required by healthcare personnel, using the average cost per hour of a physiotherapist per total number of rehabilitation treatments per patient and in terms of the time required by a physiotherapist to take care that the robotic device working correctly during the sessions [79]
	1
	 [79]
	1

	Tremor Severity Scale
	A clinical rating scale [36]
	1
	 [26, 36]
	2

	Tremor Severity Scale (TSS) [26]
	1

	Adherence to rehabilitation exercises
	number of treatment robot sessions and the duration of treatment sessions using the robot over time [52]
	1
	 [52]
	1

	Usability Testing
	Usefulness, Satisfaction and Ease-of-use(USE) Questioner [71]
	1
	 [71]
	1

	Patient Satisfaction
	Questionnaire
	Usefulness, Satisfaction and Ease-of-use questionnaire (USE) [71]
	1
	 [71]
	1





Data collation process
The information extracted from the articles was re-examined by KB and finally approved by AH. In case of disagreement, the consensus was achieved by the review of the members of the study team. It should be noted that for articles with missing data and information, we emailed the corresponding author and asked them to send us the necessary information. Finally, two authors extracted all data from eligible full-text documents through Excel.

Synthesis of results
After the data were stored and managed in MS Excel for processing, to synthesize data, one author (KHM) checks all imported data (e.g., spell check, cell formatting). Then, descriptive statistics (frequency and percentage) were used to summarize the collected data. Descriptive data obtained from the findings of the included articles were organized into tables and figures based on themes to present the findings of this review, which guided the study aims by (KB, AH, and ASH).

Ethical considerations
The protocol of this study was approved by the ethical committee of Kerman University of Medical Sciences) IR.KMU.REC.1400.606).


Results
Study selection process
From the 348 non-duplicate articles found using the search strategy, 55 articles were selected for inclusion (Fig. 1). Summarized findings from selected articles are included in Table 1.

Critical appraisal of individual sources of evidence
The findings of the quality assessment of studies based on MMAT are presented in Appendix A.

Results of the reviewed studies
Most of the studies were done in Italy (n = 19, 34.55%) [26–28, 31, 33, 36, 37, 43, 46–49, 57, 62, 63, 68, 76, 79]. After Italy, 14.24% and 8.9% of the studies were conducted in the USA (n = 8) [29, 42, 50, 51, 56, 60, 61, 72] and China (n = 5) [32, 54, 59, 65, 73], respectively. (More details in Table 1). Also, most of the studies were RCT (n = 26) [28–31, 35, 36, 40–42, 47, 48, 50, 53–55, 63, 66, 68, 70, 72, 73, 75, 76, 78–80].
As shown in Fig. 2, most articles on robots for upper limb rehabilitation were published in 2017 (n = 9) [33–35, 60, 61, 67, 72, 79, 80], 2020 (n = 7) [46–50, 63, 64, 69], and 2021 (n = 7) [51–55, 65, 73]. (More details in Table 1)
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Fig. 2Distribution of the studies in terms of publication year


Robots were used to rehabilitate seven categories of diseases or complications leading to upper limb disability (Fig. 3). Most robots were used for patients with stroke (n = 44, 80%) [28, 29, 31–35, 37–42, 44, 45, 48–62, 64–66, 68, 70, 72–80]. Other diseases with frequencies and percentages are shown in Fig. 3.
[image: ]
Fig. 3The distribution of the studies based on diseases and injuries leading to upper limb disabilities


Eight different levels of upper limb disability were identified (Table 2). The highest frequency of disabilities was related to the entire upper limb (n = 30). Wrist (n = 10), fingers (n = 7) and arm (n = 7) were other parts of the upper limb that had the highest level of disabilities. (More details in Table 1)
Table 4 shows that some robots were designed to be used to rehabilitate the entire upper limb (n = 15). Then, robots were mostly used for wrist (n = 14), finger (n = 12), and shoulder (n = 11) rehabilitation, respectively. (More details in Appendix B)
Use of telerehabilitation and virtual reality in robots.
60.52% of the studies used games and virtual reality to rehabilitate the upper extremities in robots [26, 30–32, 36, 38, 40, 42–51, 54, 55, 57, 59–62, 64, 66–73, 75](n = 34). Moreover, 3.56% of studies had used telerehabilitation in their robots (n = 2) [32, 35].

Evaluations in upper limb rehabilitation robots
The number of participants in the evaluation of upper limb rehabilitation robots varied from one [43, 46, 59, 64, 77] to 224 [48]. According to Tables 3, 89% of the studies used both males and females in the robot evaluation process(n = 49) [26–29, 31–42, 44, 45, 47–58, 60–63, 65–76, 78–80]. Most of the participants were over 18 years old (n = 47, 85%) [26–29, 31, 33–51, 53–60, 62, 63, 65–68, 70–73, 75, 78–80]. Moreover, in some studies, the age of the participants was less than or equal to 18 years (n = 4, 7%) [30, 67, 69, 76]. The minimum and maximum duration of evaluation processes were 30–45 min [26] to 12 months [52], respectively. Also, 83% of the studies included both male and female patients in the robot evaluation process. One study included only women [43], and two studies focused on men [46, 77] (More details in Appendix B).
The duration of treatment of patients in 38% of studies was less than one month (n = 21) [26, 28, 32, 33, 35, 39, 47, 49, 51, 54, 56, 58, 60, 62–64, 66, 68, 72, 73, 75]. In 41% of the studies (n = 23) [29–31, 34, 36, 40, 43–46, 50, 53, 55, 57, 61, 65, 67, 69, 71, 76, 78–80], the duration of treatment of patients was between one and two months. In other studies, the duration of treatment of patients was more than three months [27, 42, 48, 52, 70](n = 5, 9%) (More details in Appendix B).
According to Tables 5, 14 types of evaluation were performed for upper limb rehabilitation robots. “Evaluation and measurement of upper limb function and dexterity” was the most common type of evaluation (n = 52). “Range and motor skills and functional strength of the hand” were ranked next (n = 12). Then, “Neuropsychological assessment” was the most common type of evaluation (n = 11). As shown in Tables 5, 85 different evaluation methods were used. “Fugl-Meyer Upper Extremity score” was the most used evaluation method in studies (n = 30). Then, “Barthel Index (BI)” (n = 11), “Modified Ashworth Scale (MAS)” (n = 11), and “Box and Block Test (BBT)” (n = 11) were the most widely used evaluation methods.

Outcomes of using upper limb rehabilitation robots
The most important outcomes of upper limb rehabilitation robots were “Improvement in musculoskeletal functions”, “No adverse effect on patients”, and “Safe and reliable treatment”, respectively. Other outcomes are listed in Table 6. (More details in Appendix B).
Table 6Outcomes of using rehabilitation robots


	Outcomes (references)
	Outcomes frequency based on the number of references

	Improvement in musculoskeletal functions (Musculoskeletal strength, sensation, perception, vibration, muscle coordination, less spasticity, flexibility and range of motion) [26–36, 38–51, 53–63, 65–70, 72–80]
	51

	No adverse effect on patients [36, 38, 46, 47, 64, 70, 76]
	7

	Safe and reliable treatment [31, 37, 47, 54, 68, 76]
	6

	The efficiency of rehabilitation robots [28, 32, 38, 68]
	4

	Effectiveness of rehabilitation robots [40, 54, 68, 79]
	4

	Reduced or relieved pain [48, 68, 75]
	3

	Increasing patients’ interest and motivation to perform rehabilitation exercises [30, 32, 71]
	3

	Rehabilitation robots’ feasibility for train of patients [71, 77, 79]
	3

	Increasing the patient’s independence in performing rehabilitation exercises [41, 46, 62]
	3

	Performing repetitive and long exercises very easily with the help of the robot [61]
	1

	Reducing the duration of rehabilitation exercises [62]
	1

	Increasing adherence to rehabilitation exercises and more participation in treatment processes [52]
	1

	Improving the quality of life [61]
	1

	Improving the quality of the rehabilitation process [64]
	1






Discussion
In this scoping review, outcomes of rehabilitation robots for upper limb disabilities and different methods for evaluating rehabilitation robots were identified. Most robots were used for the rehabilitation of patients with stroke. Along with robots, telerehabilitation and virtual reality, technologies were also used for upper limb disabilities rehabilitation. “Evaluation and measurement of upper limb function and dexterity” was the most common type of evaluation among the 14 types performed for upper limb rehabilitation robots. Also, we identified different outcomes of using rehabilitation robots for upper limb disabilities.
As discussed above, telerehabilitation and virtual reality were two types of technology used along with rehabilitation robots. Some studies [3, 82, 83] showed that if special interventions such as game-based virtual reality, and telerehabilitation with rehabilitation robots are used, upper limb function, mental health and patients’ participation in rehabilitation exercises can be improved. Moulaei et al. [3], showed in a scoping review that telerehabilitation could lead to “improving in musculoskeletal functions”, “increasing patients’ interest and motivation to perform rehabilitation exercises”, “increasing adherence to rehabilitation exercises and more participation in treatment processes”, “remote monitoring and control of patients”, “reducing or relieved pain” and “improving quality of life”. Fernández-Vázquez et al. [84], also pointed out that virtual reality as a very interesting tool in treating upper limb disorders along with rehabilitation robots can improve the motor function of the upper limb, increase users’ motivation and enjoyment, a large number of repetitions or high intensity rehabilitation. Repetitive and long exercises become easy and reduce the time needed to perform therapeutic exercises. Some studies [85–87] stated that for telerehabilitation systems and virtual reality to be as effective as robots, they should be easy to use, user-friendly, and have a beautiful and appropriate user interface. Zanatta et al. [87] pointed out that when telerehabilitation systems, robots and virtual reality are usable and attractive, patients’ motivation to perform rehabilitation exercises increases, their satisfaction with treatment processes increases, and efficiency and effectiveness increase. Therefore, to combine the robot with telerehabilitation or virtual reality to be effective, various factors such as usability, suitable user interface and even technical support should be considered in design, development and implementation.
The findings of this study and other reviews [2, 22, 88, 89] have shown that rehabilitation robots have been able to improve the musculoskeletal status of patients with upper limb disabilities. FMA-UE scores obtained from different studies showed that robot-based treatments can improve upper limb musculoskeletal function [1, 90–92]. In a review of the literature on therapeutic robotics in chronic stroke survivors and individuals with hemiparesis, the FMA total score improved from 2.1 to 15.1 and the ARAT improved to 11.1 [1, 90–92]. Milot et al. [91], tested 20 volunteers with mild to moderate chronic stroke to investigate the robot’s functional outcomes on the upper limb. Their study showed that training with the robot led to significant improvements in FMA, BBT, MAL, WMFT, and quantitative amounts of strength and speed, and these statuses were maintained in the 3-month follow-up [91]. Cimolin et al., [93] conducted a clinical trial using the Armeo Spring device on children aged 4 to 17 years with cerebral palsy. The subjects of this study showed promising improvements in different movement patterns and hand functions. It seems that to increase the effect of robots on improving upper limb disabilities, it is better to consider a number of factors. For example, the mechanical characteristics of rehabilitation robots may affect outcomes. Exoskeleton robots can control several joints simultaneously, leading to tight physical interaction between humans and robots, which may increase the patient burden.
Additionally, the exoskeleton robot’s high inertia to its complex structure can intervene with manipulation. Or, in the mechanical dimensions of the robot, the degree of freedom should be considered an important factor in the design. For example, intervention with six degrees of freedom in a three-dimensional space is very challenging for stroke patients with moderate to severe motor impairment [1]. The term “paradox of reduced number of degrees of freedom” states that to train a patient with a severe movement disorder, one should first use the lowest number of degrees of freedom, then gradually increase the number of degrees of freedom as improvements are achieved [94]. On the other hand, if the robots are not light, they can put pressure on different organs of patients during exercise. Also, rehabilitation robots can be costly, except for people who might profit from using them for training. As a result, efforts should be made to make rehabilitation robots as cost-effective as possible. Finally, these devices should be easily available to people, and awareness of them as an effective and helpful alternative treatment should also continuously increase.
Although, in this review we observed that rehabilitation robots have no adverse effect on patients, in some studies, the complications of rehabilitation robots have been mentioned [89]. Bessler et al. [95], believed that the safety of using rehabilitation robots in clinical trials should be confirmed for monitoring and reporting adverse events. In a systematic literature review, Bessler et al. [89], gathered information on the type of adverse events associated with the training of static robotic gait trainers. They identified about 17 adverse events per 100 people trained on a stationary robotic gait trainer. The most common types of side effects were classified into two categories: side effects related to soft tissue and musculoskeletal side effects. The third category included physiological adverse events (such as sudden changes in blood pressure) that seem to be unrelated to the mechanical settings of the robotic device in most cases, but are generally considered to be related to the activity engaged. Side effects associated to soft tissue in trainers also included things such as skin redness, skin irritation, open skin lesions and bruising, skin abrasion, as well as hurt and pain in soft tissue areas. Musculoskeletal side effects also included tendinopathy, muscle pain, tibial fracture, back and malleolus pain, and joint discomfort and pain [89]. Therefore, rehabilitation robots should be designed to minimize the side effects related to all three dimensions, i.e., soft tissue, musculoskeletal, and physiological. First of all, it can be said that the designers of these systems must ensure that there are no side effects before using robots by patients or therapists, so that they can be used safely for rehabilitation. Then, the therapists should set the rehabilitation exercises in terms of dosage and duration in such a way that the side effects caused by the low or high use of the robot do not occur for the patients.
Besides, we should be able to improve the design, development and evaluation of rehabilitation robots so that they have the necessary quality to provide rehabilitation services. Abu-Dakka et al. [96] believed that rehabilitation robots should be designed in a way that can be easily used by patients, therapists, and clinicians, increase the effectiveness of doctors’ treatments and make patients’ daily activities easier. To achieve these goals, rehabilitation robots must have some functional requirements, including: stability, safety, adaptability to patient needs, accept a wide range of patients, providing a full Range of Motion (ROM), being equipped with the necessary sensors for haptic and visual feedback, etc. [97, 98]. Also, in the design and evaluation of rehabilitation robots, we must consider the views and opinions of users (patients and therapists), because these people are the end users of these rehabilitation tools. Considering the perspectives and opinions of patients and therapists in the design process also makes the device develop according to the patients’ needs and preferences. As a result, their level of satisfaction and continued use of this device improves. Zanatta et al., [87] believed that considering the patient’s perspective when designing or evaluating a rehabilitation device is essential to ensure adequate engagement and adherence to treatment. Or when the usability of a rehabilitation robot is suitable for users, according to Nielsen [99], learnability, efficiency, memorability and satisfaction of users improve, while the rate of errors also decreases.
Accordingly, a patient who perceives a device as usable is likely also report a positive perception as a concern: ease of learning the system’s function and behavior, effort expended to reach a goal, ease of remembering the system’s performance for any further use, the system’s ability to easily support and recover the case of errors during use and the pleasant design of the system. Thus, assessing such aspects provides important insights into the acceptability and perceived usefulness of devices, thereby allowing an understanding of how to improve patient motivation during treatment. As emphasized in Monardo’s study [100], motivation plays an essential role during the rehabilitation process because it helps create a sense of patient competence and satisfaction. In addition, patient satisfaction with treatment-rehabilitation processes performed with the help of rehabilitation devices was associated with stronger treatment compliance [101]. As a result, both factors can be considered key factors for the effectiveness of treatment-rehabilitation processes. On the other hand, the anatomical structure of the upper limb, the severity and degree of the patients’ disabilities, and the age group of the patients (for example, children or the elderly) should also be considered when designing and developing a rehabilitation tool. For example, a rehabilitation robot may only be used by children and not by elderly persons [102] or a robot may be designed for finger rehabilitation-only [103].
According to the findings of the studies, we found that robots were a safe and reliable treatment for patients. Therefore, it is necessary to consider a set of factors for the rehabilitation robot to guarantee patient safety and maintain its reliability for patients. Sampson et al. [104], evaluated the BUiLT + VR system in hemiparetic patients with upper extremity disability and found that this system is reliable for treating patients and can be administered safely. They believed that through Rests between games, ramping of the time spent playing in the early sessions, and adjustments to seating, unit height and angle, it could overcome the challenges related to patient safety and increase its reliability for users. Other studies show that the designed rehabilitation robot should ensure the safety of the patients from the aspects of using the common sensor to monitor and manage the force information of the patients during movement, when the reaction force made by the muscle tension is very high. Also, when the patient experiences a muscle spasm, the robot should automatically stop the current movement so that the muscle is not strained. Therefore, to prevent repeated injury to patients, the space and working environment should be restricted by limiting the switch within a reasonable range. The rehabilitation robot’s speed of displacement and movement should also be limited by the software used to control the robot. The operator or therapists should be able to rationally adjust the parameters of the driving device, and control and monitor the movement status of the robot in real time. Pressing the stop button is very important to avoid accidents. Also, to avoid damage created by the rotation of the joints due to gravity, the rehabilitation robot’s ability to self-lock should be considered [105].
Reduction or relief of pain was another outcome of this review. Some studies [75, 95] have shown that robots can reduce or relieve pain in patients, but factors must be considered when designing or using robots so that the robot can reduce pain more effectively. For example, exceeding forces on the human musculoskeletal system, at the same time misalignment will make high pressure and shear forces via slipping at the cuffs or straps [106, 107]. Therefore, forces that are not considered or compensated for in the design of the robot or its interface are easily transmitted to the musculoskeletal systems. On the other hand, if the torques and forces are too high or act in arbitrary directions on the musculoskeletal system, they can create an additional load, resulting in pain and damage to the bones, joints, and muscles [95, 106]. Therefore, when designing robots, pain thresholds should be considered for pressures and forces applied during accidental contact such as collisions or closing situations with a robot [108]. Different limit values for many different parts of the human body are accepted by ISO/TS 15,066 [95]. The patient’s position to perform therapeutic exercises with the help of the robot is also very effective in reducing pain. The robot developed in Kim et al.‘s [75] study allows patients to be comfortable and supported in a supine position. This way can easily be linked to other pain therapeutic methods, such as interferential current therapy or hot pack application. For example, installing a friction plate to forbid the compensation of the scapula and to increase the therapy’s effectiveness and adjust the robotic arm’s height using a linear actuator can be very helpful [75].
Duration and intensity of the therapy through the robot are two other factors that effect on the robots in motor control and improving pains. By examining the effectiveness of robots on function and structure in patients with limited upper limb function, Ferreira et al., [109] showed that when robot-assisted therapy is used with conventional treatment at the same dose and duration, robot-assisted therapy has a significant effect motor control. The group’s analysis also proposed an effect of the number of sessions and duration of treatment on some estimated impacts. The greater number of sessions and the volume of treatment affect motor control [109]. The more significant treatment dose effect was proposed by Lohse et al. [110]; however, time as a representation of dose is a rather rough estimate and supplies no evidence of the actual amount of movement or types of movement, nor does it account for periods of inactivity or rest [111]. In this respect, a previous study showed that, although there is no agreement, the minimum dose should be at least 16 h of exercise [112]. Poor methodological quality and lower dose and duration of treatment may negatively affect the estimated effects. So, therapists usually consider this approach because it has very few or no side effects [109]. Moreover, some studies have shown that low or high intensity exercise therapy can increase the risk of injury and worsening pain in the hemiplegic shoulder [113]. In the study by Kim et al. [75], participants in the intervention or control groups performed stretching exercises for 30 min per day, five times per week for four weeks; Shoulder pain in the intervention group (they used the robot) was worse than the control group. The authors of this research concluded that this stretching exercise was performed for patients with excessive intensity and more than 30 min of stretching exercise caused pain in some patients even when it was performed with low intensity.
As our study showed, robots can increase patients’ interest and motivation to perform rehabilitation exercises. Therefore, one of the other factors that can be considered to increase patients’ use of robots and their interest and motivation to perform rehabilitation exercises is the use of games and virtual reality. Creating a degree of entertainment through games and virtual reality can improve patients’ adherence to rehabilitation exercises and increase patients’ attention span to spend more time on their rehabilitation program [114]. Kafri et al. [115], investigated the effect of virtual reality on patients after a stroke. Patients showed an improvement in activity and reported that they enjoyed the game. Virtual reality also supplies direct visual feedback and can empower patients with a sense and awareness of control over their recovery. Consequently, it is imaginable that people who train with virtual reality and games will enhance their performance when interacting with an avatar presented on the screen [114]. In another study, Gomez et al., [116] evaluated patients with multiple sclerosis using games, in which the experimental group received both game sessions and conventional treatment. This study showed that after using the games, interest and motivation to perform rehabilitation exercises improved in the patients.
Efficiency and effectiveness of rehabilitation robots, increasing the patient’s independence in performing rehabilitation exercises, rehabilitation robots’ feasibility for training patients, performing repetitive and long exercises very easily with the help of the robot, reducing the duration of rehabilitation exercises, increasing adherence to rehabilitation exercises and more participation in treatment processes, and improving quality of life and rehabilitation process were other outcomes related to rehabilitation robots identified in this study. But it must be said that these outcomes or other mentioned outcomes will not be created spontaneously due to the use of rehabilitation robots, but a series of main factors or capabilities must be included in the robots so that these outcomes can be created and have a and beneficial effect in rehabilitation. For example, Laut et al. [117] believed that rehabilitation robots could potentially increase efficiency and access to treatment by having capabilities such as providing continuous training for a long period of time and collecting data to evaluate progress. Furthermore, by pairing rehabilitation robots with health information technologies and presenting assessment and performance data all over the internet to the therapist, different treatment processes can be moved out of specific facilities and into patients’ homes with remote management by a therapist. This can let a therapist treat several patients simultaneously, greatly enhancing the numbers of patients treated and the efficiency of the rehabilitation robot and therapist.
In other words, changing from a hospital to a home rehabilitation program can reduce costs while making rehabilitation more accessible [117]. Francisco et al. [118] also stated that by providing frequent and intensive training through rehabilitation robotics, the effectiveness of conventional occupational therapy or physiotherapy can be improved by providing more coherent, accurate, and precise treatment. Therefore, it should be said that for robots to be able to teach patients better or be more efficient, they must be able to provide frequent and intensive training. Also, in order to improve the efficiency and effectiveness of a rehabilitation device, the satisfaction of patients should be maximized. According to Tousignant et al.‘s study [119], satisfaction is an important indicator and factor for the degree of efficiency and effectiveness. Its high level can increase patient motivation, and adherence to treatment, and improve compliance with treatment. Also, it should be noted that satisfaction is one of the important factors in the quality of health care; it can affect adherence to treatment plans, improve clinical outcomes [120], and motivation of patients to perform rehabilitation exercises [121]. In order to maximize satisfaction, the robot must be designed according to the needs and preferences of its users, be usable and easy to use, and have no side effects [122, 123].
In addition, concerning adherence to rehabilitation exercises, it can be said that considering technologies such as sensors and computer game technologies for home rehabilitation or mRehab (mobile rehabilitation) systems in robots greatly increases the possibility of objective quantification of adherence [124]. Also, for patients to engage and be challenged while performing rehabilitation exercises at home in the physical absence of the therapist, there is a need to carefully design scenarios and motivational features that guarantee the patient’s adherence to the treatment plan [125]. Increasing the quality of life was another important outcome of using rehabilitation robots identified in our study. In the study by Kutner et al. [126], it was shown that patients who had suffered a stroke experienced a faster increase in quality of life (in physical, mental and social dimensions) after participating in targeted interventions that focused on improving upper limb strength. Mohammed et al. [127], in their study of patients with upper and lower limb amputation, defined the quality of life in three dimensions physical, mental and social health. Therefore, it should be said that when a rehabilitation robot is designed, in order to increase the quality of life of the patients, it should be focused on all three dimensions of the patients’ health, physical, psychological and social.
In general, it can be said that although the findings of the present study showed that rehabilitation robots could lead to positive outcomes for people with upper limb disabilities with various diseases or injuries, but if the factors that lead to these outcomes in If these robots are not considered, they will never have the necessary efficiency, effectiveness and quality.
Prospects of rehabilitation robots
It is predictable that rehabilitation robots will be applied much more than before in an era where the cost of manual therapy is becoming more expensive. To better popularize and commercialize this goal, future development needs to increase the universality of rehabilitation robots, focusing on portable, lightweight, reconfigurable, smart, and equipment based on artificial intelligence and machine learning techniques, new methods of treatment and thinking to the field of rehabilitation under the hypothesis of guaranteeing safety, mass production and development in a cheap direction [24]. For example, machine learning techniques may ,allow a robot to independently adapt to the changing needs of each customer over time and perform specific tasks, such as autonomous gaming [128]. Another example is the portability of the robot, which allows users to carry the robot system for deployment inside homes or medical centers [129]. People can use portable rehabilitation robots not only at home and in the treatment center, but also in nature and parks. On the other hand, Smart rehabilitation is the future development trend. It should be broken through the human-machine interface barrier, develop multidisciplinary and interdisciplinary collaboration and communication, improve and strengthen cooperation with rehabilitation medicine and artificial intelligence, actively participate in the design, development and evaluation of rehabilitation robots, and improve rehabilitation robots for providing better and more quality service to people.
Moreover, in the future, there should be more focus on “human nature” in the design and development of rehabilitation robots. Human nature means that robots have capabilities such as “perception, thinking, action and cooperation, expression and communication, and learning and adaptability and complete training and operations independently or with the assistance of an automatic machine” [24]. At present, rehabilitation robots cannot perform all the tasks of professional rehabilitation personnel; especially, the ability of self-learning, adaptability, flexibility and creativity of robots needs many theoretical developments. The most challenging and most difficult thing for rehabilitation robots is the benevolence and moral sense of medical staff [130]. Since in the future software packages and powerful hardware equipment will be produced, many of these problems can be easily solved.

Limitations of the study
There are a few limitations in this study. In the present study, only articles in English were reviewed; it is better to include articles published in non-English languages in future studies. Also, to find related studies, we searched four databases, Scopus, IEEE, PubMed, and Web of Science. It is suggested that more studies be done in more databases to obtain more comprehensive results.


Conclusion
This scoping review indicates that upper limb rehabilitation robots can improve musculoskeletal functions (Musculoskeletal strength, sensation, perception, vibration, muscle coordination, less spasticity, flexibility, and range of motion); avoid serious side effects or adverse effects on the patient, provide safe and reliable treatment, reduce pain, increase the patient’s independence in performing rehabilitation exercises, reduce the duration of rehabilitation exercises, increase adherence to rehabilitation exercises and treatment processes, and quality of life and rehabilitation processes. The use of rehabilitation robots is growing strongly, especially in developed countries, and it seems that this new rehabilitation technology has had significant effects in helping to improve upper limb disabilities.
Also, rehabilitation robots could provide a platform for motivating people with upper limb disabilities to carry out more rehabilitation exercises without a therapist, which could maximize recovery.
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