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Robo$c Stroke Rehabilita$on 

passive, constrained, bimanual) [15]. With the help of 6 DOF 
position digitizer, the bilateral therapy of a 3 DoF shoulder± 
elbow movement with the non-paretic arm guides the 
impaired limb according to a master±slave rule. In the active-
assisted mode the patient must initiate the movement and has 
to work with robot whereas in the active constrained level the 
URERW� H[HUWV� WKH� UHVLVWDQFH� LQ� WKH� GLUHFWLRQ� RI� WKH� SDWLHQW¶V�
goal [16]. 
 

3)  BI-MANU TRACK 
The research group in Germany developed Bi-Manu-Track in 
2003 by Stefan Hesse. This device is a computerized motor-
driven arm trainer that is capable of bilateral trainings having 
two movement methods: wrist flexion and extension and 
forearm pronation and supination. The Bi-Manu-Track 
allows a repetitive training of three operating modes for 
practice. The active-passive mode the leads the impaired 
upper limb whereas the less impaired upper limb can move 
the handle. During the passive-passive mode the robots are 
controlling both arms while in active-active mode both arms 
are performing actively by surpassing an initial isometric 
resistance. In this device, the movements can be parallel 
(antiphase) or mirror-symmetric (in-phase). Number of 
clinical trials have been done to carry out the effectiveness on 
stroke patients in which the improvement in recovery have 
been observed [17]. Figure 2 shows Bi-Manu-Track system. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Bi-Manu-Track 
 

4) NEREBOT 
,W¶V� D� FDEOH� GULYHQ� V\VWHP� IRU� VXVWDLQLQJ� DQG� PRYLQJ� WKH�
forearm of the stroke patient during the rehabilitation therapy. 
This system provides 3-dimensional wide assistance to the 
PRWLRQ� RI� SDWLHQW¶V� DUP� ZKLFK� LV� SURQDWLRQ-supination, 
abduction-abduction and elbow-flexion based exercises. The 
robot is composed of wheel and overhead structure which is 
manually adjustable. It consists of three wires which is 
controlling the splint on which the forearm is placed. In 
learning phase, the therapist moves the arm in to some 
specific points that are recorded by the machine, whereas in 
the therapy phase the control system generates the joint-
interpolated trajectories for the motors that makes the motion 
comfortable and smooth [18]. 
 

5) ARM-GUIDE  
It was developed at the Rehabilitation Institute of Chicago by 
W. Zev Rymer. Assisted Rehabilitation and Measurement 
(ARM)-Guide is used to guide the reaching point and 
measures the range of motion of the arm, targets the abnormal 

conditions and spastic reflexes. The device is a linear 
constraint that is instrumented with a six-axis load cell and an  
optical encoder. Further, a computer-controlled torque motor 
is incorporated into the device to apply forces or controlled 
movements to the arm along the linear constraint. The device 
is capable of being oriented at different directions at vertical 
plane. The hand is wrapped around a wooden cone and 
forearm is attached to splint as exemplified. The 
measurement is obtained by the optical encoder and 
measurement of forces are provided by the six-load cell 
which is placed between linear constraint and splint [19]. 
 

B.  Ungrounded Exoskeleton Haptic Devices 
Ungrounded exoskeletons are usually the most complex 
rehabilitation devices due to the high number of degrees of 
freedom (DOF) of the hand. The complexity depends on the 
number of measured joint angles, actuated joints and 
bidirectional movements with number of variables involved. 
The devices that are not attached to an external frame of 
reference are known as ungrounded robotic devices. 
Exoskeletons are usually worn by the patient to assist the 
limb movements [20]. They can be combined with grounded 
end effectors to target the entire arm and increase the ranges 
of motion available for rehabilitation. 

1) CYBERGLOVE 
This is known as haptic glove and is capable of controlling 
the whole hand movement. There are two types of 
Cyberglove models; one is 18 sensors based and other is 
having 22 sensors.The mechanism  targets the MCP and PIP 
joints along with abduction sensors for thumb, wrist and 
palm. For error free sensor data, the calibration is done by the 
VirtualHand software which is capable to stabilize the 
differences in movements. It matches the motion of physical 
hand to the virtual one by few parameters like gain and offset. 
This software includes number of packages which are 
specific for design, motion, animation and calibration; 
namely, computer-aided designs (CADs) and character 
animation [VirtualHand for V5 (CATIA), VirtualHand for 
MotionBuilder,and VirtualHand SDK].  The added wireless 
feature enhances the performance as it makes the movement 
hassle free in the large space environment. [21]. 
 

2) CYBERGRASP 
Another important contribution which provides the hold for 
the virtual object, the mechanism follows the force feedback 
system that provides a feel and grasp for the imaginary 
objects. The exoskeleton comprises of a network, which 
consists of the tendons and five programmed actuators for 
each finger that provides force of up to 12N. The designed 
system for actuators is placed on the desktop. As this device 
is ungrounded so it needs a point of reference to operate, for 
this purpose the CyberGlove is required to achieve further 
task orientation. It allows the full hand motion due to grasp 
force, which is perpendicular to each fingertip throughout the 
range of motion [22]. Figure 3 shows Bi-Manu-Track system. 
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Abstract 
Background Following stroke, upper limb impairment is common and frequently limits ability to perform every-
day activities. Due to limited resources, current therapy levels are insufficient to optimise functional improvement. 
Robotic devices have potential to augment upper limb stroke rehabilitation, but knowledge regarding the optimal 
device features and intervention parameters is limited. This systematic review and meta-analysis aimed to determine 
the efficacy of upper limb robotic rehabilitation compared with conventional rehabilitation, and to critically explore 
the device features and programme parameters that influence rehabilitation outcomes.

Methods Six electronic databases were searched for RCTs that compared dose-matched robotic versus conventional 
rehabilitation following stroke, and measured activity level changes in upper limb outcomes. The efficacy of robotic 
compared with conventional rehabilitation was evaluated using random-effects (I2 ≥ 50%) or fixed-effect (I2 < 50%) 
models. A systematic categorization of robotic device features and intervention parameters was conducted to facili-
tate subgroup analyses and meta-regression, enabling exploration of how these factors influence rehabilitation 
outcomes.

Results The review included 54 studies, involving 2744 participants. Meta-analysis demonstrated that robotic 
rehabilitation had a small, statistically significant positive effect on upper limb capacity compared with conventional 
rehabilitation (SMD 0.14, 95% CI [0.02, 0.26]), however these gains were not maintained at follow-up (SMD 0.05, 95% 
CI [− 0.13, 0.24]). No significant differences were found between robotic and conventional rehabilitation for ADL 
outcomes either post-treatment (SMD 0.04, 95% CI [– 0.05, 0.13]) or at follow-up (SMD 0.05, 95% CI [− 0.13, 0.24]). 
Subgroup analyses provided crucial insights into the factors influencing robotic rehabilitation efficacy, revealing 
significant effects of device assistance (p = 0.0046), joints mobilized (p = 0.0133), degrees of freedom (p = 0.012), device 
laterality (p = 0.0048), and the number of devices used (p = 0.0001).

Conclusions The results suggest that robotic rehabilitation does not result in clinically meaningful improvement 
in either upper limb capacity or ADL performance. However, this study’s novel subgroup analyses highlight specific 
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Background
1. Stroke commonly leads to persistent upper limb dysfunc0on.

– Stroke: 80% experience upper limb impairment; 65% persist a:er 6 months.

2. Robo<c rehabilita<on aims to increase therapy intensity.
– Robo>c rehabilita>on provides

3. Evidence on its efficacy remains mixed.
– Past reviews: Unclear at ac>vity level.

4. Understanding device and program variables is essen<al.

Restore func0onal capacity and ADL independence.

intensive, repe<<ve, task-specific training.

Improvements at body-func<on level Dose-match: Robo<c = Conven<onal

4

Background: Clinical Challenges
1. Devices vary widely: 

– Exoskeleton vs. End-effector
– Distal vs. Proximal focus

2. Program parameters differ 
– Dose, Dura>on, and Assistance type

3. Limited guidance for clinicians on device selec<on.
4. Evidence on effec<ve robo<c features is lacking.

Clinicians face difficulty selec0ng 
appropriate robots for pa<ents.
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combination of the following ICF domains: ‘washing 
oneself ’ [d510], ‘caring for body parts’ [d520], ‘toileting’ 
[d530], ‘dressing’ [d540], ‘eating’ [d550], and ‘drinking’ 
[d560]), and included measures such as the Barthel Index 

(BI) and the Functional Independence Measure (FIM). 
The number of outcomes was limited to one upper limb 
capacity and one ADL per study. Where more than one 
measure of upper limb capacity or ADL were reported, 
the outcome was selected based on a hierarchy deter-
mined by the following factors: (a) reliability and valid-
ity of the measures, (b) how much/how well the measure 
addressed the construct, (c) how many items in the meas-
ure addressed the construct, and (d) how commonly 

Table 3 (continued)

Subgroup analysis category Category descriptor Category levels

 Bimanual training The utilisation of bimanual training in the intervention delivery. If 
the impaired upper limb with the device attached and the non-
affected upper limb not wearing the device were both engaged 
in a bimanual task, such as folding clothes at the same time. This 
was also applicable to devices which were attached to both upper 
limbs
Devices were either implemented in a ‘bimanual training’ interven-
tion programme, or there was ‘no bimanual training.’

Bimanual training OR No bimanual training

 Supervision The level of supervision provided to the user during training ses-
sions
The participant either completed ‘self-training’ with distant, limited, 
or no supervision, or was fully ‘supervised’ during training sessions
No attempt was made to quantify the proportion of training 
sessions completed under supervision due to lack of consistency 
and clarity in the reporting of supervision provided during inter-
vention delivery

Self-training OR Supervised

 Supervisor qualification The qualification level or the supervisor overseeing the robotic 
intervention programme implementation
Where a ‘professional’ comprised an Occupational Therapist 
or Physiotherapist supervising the device implementation, 
and an ‘assistant’ comprised a therapy assistant, rehabilitation 
assistant, or research assistant providing supervision

Professional OR Assistant

Fig. 1 Exoskeleton type device

Fig. 2 End-effector type device
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used the tool was in practice. For example [36], Func-
tional Independence Measure (FIM) score was taken 
over the Motor Activity Log (MAL) score for ADL con-
struct, as while both had good reliability and validity, the 
FIM addresses more ADL items than the MAL (MAL 
addresses some upper limb capacity constructs).

Outcome measure data were extracted according to the 
above (measures used, unit of measurement, ICF con-
struct addressed, measurement timepoints), and results 
from all studies were also extracted (mean & SD for 
experimental and conventional groups at baseline, post-
treatment, and follow up timepoints).

Where studies had multiple experimental groups, data 
was extracted for each study arm that met the inclu-
sion criteria and were treated as a separate comparison. 
Where a publication did not describe device feature or 
intervention parameter characteristics in enough detail, 
the researchers investigated device user manuals, man-
ufacturer websites, other published material to gather 
full detailed information for data extraction. When fur-
ther clarification was required regarding experimental 
device and intervention descriptions or missing outcome 
data, the study authors were contacted to request this 
information.

Methodological quality
To obtain valid conclusions from the systematic review 
and meta-analysis, two reviewers (KB and SO) indepen-
dently assessed included studies utilising the Cochrane 
Risk of Bias 2 tool (RoB2) [37]. Any disagreements were 
discussed until consensus was reached. The RoB2 cov-
ers five domains of bias, including bias arising from 
randomisation; bias due to deviations from intended 
interventions; bias due to missing outcome data; bias in 

measurement of the outcome; and bias in selection of the 
reported result. The overall risk of bias for each study was 
categorised as low, some concerns, or high risk. RoB2 
evaluations were completed for each outcome if a study 
reported measures for both upper limb capacity and 
ADL.

Meta-analyses
To address the first aim of the review, the summary Excel 
sheet was exported to R and analyses were conducted 
using the metafor package [38, 39]. Meta-analyses were 
conducted for both pre- to post- intervention scores as 
well as pre- to follow-up- intervention scores to explore 
whether any gains were maintained at follow-up. Pre- to 
post- intervention and pre- to follow-up- intervention 
mean differences were used for analysis. If not avail-
able, these were computed from the individual pre- and 
post-intervention means and standard deviations. These 
means and standard deviations were then used to obtain 
standardised mean differences between the interven-
tion and conventional treatment groups. When standard 
errors (SEs), but not SDs, were available, the missing SDs 
were computed with the following formula: SD = SE x √n 
[40]. A random-effects model was used for a meta-analy-
sis if the heterogeneity statistic  (I2) was greater than 50%, 
otherwise the meta-analysis was conducted with a fixed-
effects model [17]. Where studies had more than one 
experimental group, data which had been extracted for 
each study arm were analysed as separate comparisons 
(e.g., robotics 1 vs conventional, robotics 2 vs conven-
tional). Pooled effect sizes were reported along with their 
95% confidence intervals (CIs). An effect size was consid-
ered significant if its CI did not overlap zero. Between-
study heterogeneity was reported with both  Tau2 and  I2 
statistics and their statistical significance was reported 
with a chi-squared test. In the presence of any potential 
outlying studies, sensitivity analyses were conducted by 
excluding these studies and reanalysing the data to vali-
date the evidence from the meta-analysis [41].

To address the second aim of the review to determine 
the effect of various device features and programme fea-
tures, subgroup analyses were conducted for upper limb 
capacity and ADL if the overall meta-analysis showed sig-
nificant pooled effect size and greater than 10% between-
study heterogeneity. Separate fixed effects or random 
effects meta-analyses were performed for each construct. 
When evaluating features that had categorical varia-
bles (such as exoskeleton versus end-effector for type of 
device), studies were divided into subgroups accordingly. 
When evaluating features that had continuous variables 
(such as total training time or participant age), a meta-
regression model was employed. Pooled sub-group mean 
differences were reported with their 95% CIs and the 

Fig. 3 Upper limb DOF for robotic rehabilitation
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Research Purpose
To evaluate:

1⃣ The efficacy of robo<c rehabilita<on versus dose-matched conven<onal 
rehabilita<on on upper limb ac<vity outcomes.

2⃣ The influence of device and program features on rehabilita<on 
outcomes.

6



2025/11/12

2

Search Strategy

1. Systema<c review and meta-analysis following PRISMA guidelines.

2. Databases: Web of Science, OVID, CINAHL, Medline, Scopus, and 
PubMed Central

3. Final search: March 31, 2023.

4. Inclusion: RCTs, dose-matched comparisons.
5. Registered: PROSPERO CRD42022285794.
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Category development, piloting and training process
An initial literature review was conducted to identify a 
classification framework for upper limb robotic rehabili-
tation which would support data extraction. However, no 
existing system was identified which comprehensively 
captured both robotic device features [24, 32, 33] and 
intervention parameters [34, 35] relevant to the research 
question. To address this gap, a structured framework 
for categorization of key device features and program 
parameters was developed based on literature find-
ings and expert input from the research team, including 
engineers (WB, UR), a designer (ERR), an occupational 
therapist (KB), and physiotherapists (NS, GA). Experts 
provided insights on whether features or parameters 
were considered clinically relevant, definable, and gener-
ally reported either in research or associated materials. 
Proposed categories were discussed by the research team 
and either refined or excluded through consensus.

A custom-designed extraction form was developed in 
Excel to ensure consistency and accuracy in data collec-
tion. Data extraction was piloted by KB, NS, and GA; 
each independently extracted data from 13 selected arti-
cles, then convened to clarify and refine definitions for 
each category. Consensus was achieved before proceed-
ing with full data extraction. The final categorization 
framework is presented in Table 3.

Where multiple devices were used in the intervention, 
data was extracted and categorised to reflect the overall 
effect of all devices. For example, if two different devices 
were implemented, where the first device produced wrist 

movement in a single plane (flexion/extension) and the 
second device produced shoulder movement in three 
planes (abduction/adduction, flexion/extension, rota-
tion), the ‘joints mobilised’ category would be ‘whole 
arm’, and the ‘degrees of freedom’ category answer would 
be ‘4’.

Data extraction and categorisation
Following completion of the data extraction piloting 
phase, KB completed the remainder of the extractions 
independently. A second reviewer (NS) was consulted 
if extraction was unclear, and a consensus was reached. 
Extracted data included the general study information 
(study authors, year of publication, number of experi-
mental groups, sample size) and participant character-
istics (age & SD, time since stroke & SD). and robotic 
device including description (device type, degrees of 
freedom, joints mobilised, assistance, gravity, portability, 
laterality, gamification, feedback), robotic intervention 
delivery parameters (setting, training time, number of 
devices, real word interaction, bimanual training, super-
vision amount, supervisor qualification), and comparison 
treatment description.

Outcome measures were extracted and categorised as: 
a) upper limb capacity, and b) ADL. Upper limb capac-
ity was defined according to the ICF domains: ‘fine hand 
use’ [d440] and ‘hand and arm use’ [d445]. This con-
struct included measures such as the Action Research 
Arm Test (ARAT), Wolf Motor Function Test (WMFT), 
and Box and Blocks Test (BBT). ADL was defined as a 

Table 2 Eligibility criteria

Inclusion Exclusion

Participants Adults over the age of 18 who had suffered a stroke result-
ing in loss of upper limb function

Adults who have suffered a cerebellar or brainstem stroke

Experimental intervention Robotic exoskeleton or end-effector rehabilitation targeting 
the upper limb, for one or more sessions
Robotic and conventional rehabilitation were dose-matched 
in terms of total training time

Robotic rehabilitation combined with another exploratory 
intervention such as transcranial direct current stimulation 
(tDCS) or brain‐computer interfaces (BCI)

Comparison intervention Conventional occupational therapy or physiotherapy 
interventions to rehabilitate upper limb, such as task-specific 
training, strength training, repetitive practice, constraint-
induced movement therapy (CIMT)

Comparison interventions that also use robotics unless 
the robotic component was very brief (< 10 min)
Comparison treatment combined with another exploratory 
intervention such as tDCS or BCI

Outcomes Evaluation of ‘activity’ level outcomes including (a) upper 
limb capacity or (b) ADL as classified by the International 
Classification of Functioning Disability and Health model 
(ICF)

Study design Randomised control trials (RCTs) with a parallel-group trial 
design
Where there was more than one experimental group, 
provided that the study followed a parallel-group design 
and fit other criteria, data from both experimental groups 
was included

Randomised crossover trials or other study designs

Publication Full-text peer-reviewed journal articles published in English Conference abstracts

>18y/o
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Data Extrac$on

1. Extracted data: par<cipants, device type, parameters, outcomes.

2. Categorized outcomes: 
– Upper limb capacity: the Ac<on Research Arm Test (ARAT), Wolf Motor 

Func<on Test (WMFT), and Box and Blocks Test (BBT), etc. 
– ADL: Func<onal Independence Measure (FIM) , the Barthel Index (BI), 

etc

3. Risk of bias assessed using Cochrane RoB 2 tool.

9
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Table 3 Device feature and programme parameter categories

Subgroup analysis category Category descriptor Category levels

Device features

 Device type The type of device determined by how the device was applied 
to the upper limb
Where ‘exoskeletons’ (Fig. 1) were defined as having an exter-
nal structural mechanism where the robot axes are aligned 
with the anatomical axes of the wearer; and ‘end-effectors’ (Fig. 2) 
were defined as devices which provide support and forces 
to the wearer’s limb only at its most distal part which is attached 
to the wearer’s extremity

Exoskeleton OR End-effector

 Degrees of freedom (DOF) The number of DOF or axes of motion of the participant’s upper 
limb controlled or moved by the robot (Fig. 3). Main movements 
(degrees of freedom) of the upper extremity included:
1. Shoulder adduction/abduction
2. Shoulder flexion/extension
3. Shoulder internal(medial)/external(lateral) rotation
4. Elbow flexion/extension
5. Forearm pronation/supination
6. Wrist adduction (ulnar deviation)/abduction (radial deviation)
7. Wrist flexion/extension
8. Flexion/extension of all fingers = 1 DOF (not 4)
9. Flexion/extension of thumb = 1 DOF
(Flexion/extension of all fingers and thumb = 2 DOF (hand grasp/
release))
10. Thumb adduction/abduction

Continuous moderator (Between 1–10)

 Joints mobilised The joints of the upper limb that were moving as a result 
of the action of the robotic device (not the fixation points 
of the device on the upper limb)
Where ‘proximal’ encompassed devices which moved the upper 
limb from the shoulder to the elbow joint, ‘distal’ devices moved 
the upper limb anywhere past the elbow joint including the fore-
arm, wrist, hand, or fingers, and ‘whole arm’ included devices 
which moved the upper limb at both proximal and distal compo-
nents

Proximal OR Distal OR Whole arm

 Assistance The amount of assistance provided by the device to the wearer 
to perform upper limb movements
Where ‘full’ assistance required no active movement 
from the wearer and device completed the entirety of the move-
ment (the upper limb was moved passively). Devices were cat-
egorised as providing ‘partial’ assistance when the wearer actively 
contributed to the movement and the device supplemented 
the movement. Devices which provided both full and partial 
assistance were classified ‘both’
No attempt was made to quantify the amount of assistance pro-
vided by the device in the ‘partial’ category due to a lack of consist-
ency and clarity in the reporting of what constituted differing 
amount of assistance

Full OR partial OR both

 Gravity The planes of movement in space which the device moved 
the upper limb
Where ‘against gravity’ encompassed devices which moved 
the upper limb in the vertical plane, and ‘planar’ included devices 
which moved the upper limb in the horizontal plane. Some 
devices generated movements in both planes

Against gravity OR planar OR both

 Portability The portability of the device while it is in use by the wearer
Where ‘portable’ devices allowed the wearer to mobilise on foot 
while the device was in use, and ‘stationary’ devices required 
that the wearer stay fixed at the device (sitting, lying, or standing 
while in use

Portable OR stationary

 Laterality The attachment of the device to either one or both upper limb(s)
Where ‘unilateral’ devices were only worn on the affected upper 
limb, and ‘bilateral’ devices were attached to both the impaired 
and unimpaired upper limb. Some devices were able to be used 
both bilaterally and unilaterally in the intervention

Unilateral OR bilateral OR both

Page 6 of 44Boardsworth et al. Journal of NeuroEngineering and Rehabilitation          (2025) 22:164 

Table 3 (continued)

Subgroup analysis category Category descriptor Category levels

 Gamification The inclusion of gamification or virtual reality paired 
with the device
Where ‘gamification’ included devices where a game component 
was present, and ‘no gamification’ included devices where there 
was no game component as part of the intervention delivery

Gamification OR No gamification

 Feedback The ability for the device to provide objective feedback 
on the wearer’s performance or knowledge of results
Where ‘feedback’ included devices which provided feedback, 
and ‘no feedback’ included devices which did not provide 
feedback. Feedback provided from the device (not the clinician) 
included modalities such as a game score, a beep/noise, or a rep-
etition count
No attempt was made to differentiate different types of feedback 
due to a lack of consistency and clarity in the reporting of feed-
back provided by the device

Feedback OR No feedback

 Technology advancement Exploring improvement of effectiveness of devices as the develop-
ment of technology advances
Where the year of publication was taken to measure by proxy 
whether devices developed in more recent years were more effec-
tive than ‘older’ devices

Continuous moderator
(Year of publication)

Programme features

 Setting The location where the device was implemented with the partici-
pant for the trial
Where ‘inpatient’ included interventions delivered to stroke 
patients in an inpatient hospital setting, ‘outpatient’ included 
settings where the participants travelled to attend sessions, such 
as outpatient hospital clinics, rehabilitation research centres, 
and medical centres, and ‘home’ included interventions delivered 
in the participants’ home environment

Inpatient OR Outpatient OR Home

 Participant age The mean age of the participants in the experimental and conven-
tional trial groups

Continuous moderator
(Mean age)

 Time since stroke The mean amount of time in weeks post-stroke which the partici-
pants in the experimental and conventional groups commenced 
the trial protocol

Continuous moderator
(Mean time in weeks)

 Total training amount The amount of intervention time participants spent train-
ing with the robotic device as the experimental treatment 
and the dose matched time with the conventional treatment
Additional ‘usual care’ intervention time for both groups 
was not included in the dose amount. The total hours spent 
training with the intervention was calculated by multiplying 
session duration (hours) x frequency of weekly trainings (sessions 
per week) x number of weeks in training (weeks of training)
Where a range value for time was given, the average time 
was taken. For example, 90–105 min, 97.5 was taken

Continuous moderator
(Time spent training with intervention in hours)

 Delivery mode The number of participants receiving the treatment at the same 
time during the intervention
Where ‘solo’ interventions were delivered with one participant 
at a time, and ‘group’ interventions were delivered with two 
or more participants present during the session

Solo OR Group

 Number of devices The number of devices which were utilised as part of the experi-
mental intervention protocol
Interventions were either delivered with a ‘single’ device, or utilised 
‘multiple’ devices

Single OR multiple

 Real-world (object) interaction Whether the device enables interaction with real world objects 
(such as blocks, mugs, other objects used in ADLs or rehabilita-
tion interventions) and if this was a part of how the intervention 
was delivered
Interventions were either delivered facilitating ‘object interaction’ 
or were delivered with ‘no object interaction.’

Object interaction OR No object interaction

Type

DOF

Joint

Exoskeleton
End-effort

Proximal, Distal
Whole arm

10
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Efficacy of various device and programme features of robotic 
rehabilitation
ADL outcomes did not exhibit a significant between-
intervention pooled effect size and between-study 
heterogeneity. Therefore, sub-group analyses were not 
performed for these outcomes. Whereas the upper 
limb capacity outcomes showed a significant pooled 
effect size and greater than 10% between-study hetero-
geneity at the post-intervention time point. Sub-group 
analyses and meta-regression were performed for this 
data.

Subgroup analyses (discrete variables) The results 
from the subgroup analysis of discrete variables are 
summarised in Table 5 and full analysis details can be 
found in the Supplementary File. There were statistically 
significant subgroup differences for the joints mobilised, 
assistance, laterality, number of participants, and num-
ber of devices. These are described further below.

Device features Joints mobilised by the device (distal, 
proximal, or whole-arm)

There was a significant effect of the subgroup “joints 
mobilised” (p = 0.0133), where larger and statistically 

Fig. 4 Study selection results
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Methodological Quality

• Most studies: some 
concern or high risk.

• Overall evidence: low to 
moderate certainty.

• 54 RCTs, N=2744 
par<cipants.

Page 29 of 44Boardsworth et al. Journal of NeuroEngineering and Rehabilitation          (2025) 22:164  

0.18]), or the ‘full’ assistance mode (SMD 0.52, 95% CI [− 
1.08, 2.12]).

Laterality of the device (unilateral, bilateral, or both)
There was a significant effect of the subgroup “lateral-
ity” (p = 0.0048), where larger and statistically signifi-
cant effects were observed in studies comparing robotics 
versus conventional rehabilitation where the device was 
applied ‘unilaterally’ (SMD 0.18, 95% CI [0.05, 0.31]), 
compared to smaller, non-significant effects in devices 
applied ‘bilaterally’ (SMD 0.17, 95% CI –[0.15, 0.48]), or 
utilising ‘both’ modes of application (SMD − 0.22, 95% CI 
[− 0.69, 0.25]) (Fig. 12).

Programme features Delivery mode (solo, group)
There was a significant effect of the subgroup “deliv-

ery mode” (p < 0.0067), as depicted in Fig.  13. This can 

be observed as larger and statistically significant effects 
in studies comparing robotics versus conventional reha-
bilitation where studies implemented robotic rehabili-
tation as ‘solo’ interventions (SMD 0.16, 95% CI [0.05, 
0.28]), compared to smaller or insignificant effects where 
robotic rehabilitation was delivered in a ‘group’ setting 
(SMD − 0.15, 95% CI [− 1.42, 1.12]).

Number of devices used in the intervention (single, 
multiple)

There was a significant effect of the subgroup “num-
ber of devices” (p = 0.0001), where larger and statistically 
significant effects were observed in studies comparing 
robotics versus conventional rehabilitation where a ‘sin-
gle’ device was used (SMD 0.20, 95% CI [0.07, 0.33]), 
compared to an insignificant effect where ‘multiple’ 
devices were used (SMD −  0.08, 95% [CI −  0.18, 0.02]) 
(Fig. 14).

Fig. 7 Cochrane ROB2 results for included studies

12
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significant effects were observed in studies comparing 
robotics versus conventional rehabilitation where the 
device mobilised the ‘distal’ part of the upper limb (SMD 
0.30, 95% CI [0.07, 0.53]), compared to smaller, non-sig-
nificant effects in devices mobilising the ‘proximal’ upper 
limb (SMD 0.15, 95% CI [− 0.10, 0.40]), or the ‘whole 
arm’ (SMD − 0.03, 95% CI [− 0.13, 0.07]) (Fig. 10).

Assistance provided by the device (partial, full, or both)

There was a significant effect of the subgroup “assis-
tance” (p = 0.0046), as depicted in Fig.  11. This can be 
observed as larger and statistically significant effects in 
studies comparing robotics versus conventional reha-
bilitation where the wearer received ‘partial’ assistance 
(SMD 0.37, 95% CI [0.19, 0.55]), compared to smaller 
or insignificant effects where the wearer is being moved 
in ‘both’ assistance modes (SMD 0.05, 95% CI [− 0.08, 

Fig. 5 Cumulate percentage of participants under successive category levels (discrete variables)

Fig. 6 Cumulate percentage of participants under successive category levels (continuous variables) RT experimental intervention CT control 
intervention

• Type: >60% end-
effector devices

• Joints mobilized: 
Distal joints 
dominate (>40%)

• Laterality: 
Unilateral training 
favored (~70%)

• Outpa<ent
• Solo
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significant effects were observed in studies comparing 
robotics versus conventional rehabilitation where the 
device mobilised the ‘distal’ part of the upper limb (SMD 
0.30, 95% CI [0.07, 0.53]), compared to smaller, non-sig-
nificant effects in devices mobilising the ‘proximal’ upper 
limb (SMD 0.15, 95% CI [− 0.10, 0.40]), or the ‘whole 
arm’ (SMD − 0.03, 95% CI [− 0.13, 0.07]) (Fig. 10).

Assistance provided by the device (partial, full, or both)

There was a significant effect of the subgroup “assis-
tance” (p = 0.0046), as depicted in Fig.  11. This can be 
observed as larger and statistically significant effects in 
studies comparing robotics versus conventional reha-
bilitation where the wearer received ‘partial’ assistance 
(SMD 0.37, 95% CI [0.19, 0.55]), compared to smaller 
or insignificant effects where the wearer is being moved 
in ‘both’ assistance modes (SMD 0.05, 95% CI [− 0.08, 

Fig. 5 Cumulate percentage of participants under successive category levels (discrete variables)

Fig. 6 Cumulate percentage of participants under successive category levels (continuous variables) RT experimental intervention CT control 
intervention

• Total training amount: Most 
interventions provided 10–19 
hours of total training. (1 hr/3 
times, 3 times/week, 6 
weeks)

• Degrees of 
Freedom (DOF): 
Most devices have 
3–4 DOF

• Participant age: 
Both robotic (RT) 
and control (CT) 
groups mainly aged 
55–69 years.

• Time since stroke: 
Majority of 
participants within 
0–99 weeks post-
stroke. (<2 years)
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Quan?ta?ve Results
Effect on Upper Limb Capacity

1. Post-intervention:
– Robotic > conventional (SMD 

0.14 [0.02, 0.26]) 
– Small but significant.

2. Follow-up:
– Effect not maintained (SMD 

0.05 [−0.13, 0.24]
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Fig. 8 Meta-analysis for effect of robotic rehabilitation on upper limb capacity outcomes post intervention (A) and follow up (B)

Suggests short-term improvement 
without sustained benefit.
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Quan?ta?ve Results
Effect on ADL Performance

1. Post-intervention:
– No significant difference (SMD 

0.04 [−0.05, 0.13]).

2. Follow-up:
– No difference (SMD 0.00 

[−0.13, 0.13]).
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Fig. 9 Meta-analysis for effect of robotic rehabilitation on ADL outcomes post intervention (A) and follow up (B)

• No significant.
• Gains in capacity did not translate 

into ADL improvements.
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Subgroup Analysis
• Distal > Proximal > Whole-arm.
• SMD 0.30 (distal) vs 0.15 (proximal) 

vs -0.03 (whole-arm).
⬆ Distal focus yields beDer 
improvement.
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Meta-regression (continuous variables) The results 
from the subgroup analysis of continuous variables are 
summarised in Table  6, the full analysis can be found 
in the Supplementary File. There were statistically sig-
nificant subgroup differences for the “degrees of free-
dom” variable (p = 0.012, Table 6). This is visualised in 
Fig. 15, which shows the fewer the degrees of freedom, 

the more effective the robotic therapy intervention was 
for improving upper limb capacity.

Sensitivity analysis
Sensitivity analyses were conducted by excluding Aprile 
[49] and Rodgers [80], both of which had larger partici-
pant numbers (n = 224 and n = 516) in comparison to 

Table 5 Subgroup analysis results for discrete variables

*Statistically significant test for subgroup differences p < 0.05

Standardised mean differences that are statistically significant (p < 0.05) are presented in bold

Subgroup category Category options Number of 
studies

Standardised mean difference [95% CI] 
for robotics versus conventional

Test for subgroup 
differences (trend 
observed)

Device features

 Device type Exoskeleton 16 0.24 [0.07 to 0.41] p = 0.19

End-effector 26 0.10 [− 0.06 to 0.26]

 Joints mobilised Distal 16 0.30 [0.07 to 0.53] p = 0.0133*
Proximal 13 0.15 [− 0.10 to 0.40]

Whole arm 13 − 0.03 [− 0.13 to 0.07]

 Assistance Partial 10 0.37 [0.19 to 0.55] p = 0.0046*
Both 29 0.05 [− 0.08 to 0.18]

Full 3 0.52 [− 1.08 to 2.12]

 Gravity Against gravity 2 0.32 [− 0.69 to 1.34] p = 0.14

Both 33 0.12 [− 0.01 to 0.25]

Planar 7 0.20 [− 0.21 to 0.61]

 Portability Stationary 32 0.10 [− 0.03 to 0.24] p = 0.38

Portable 10 0.28 [0.01 to 0.55]
 Laterality Bilateral 4 0.17 [− 0.15 to 0.48] p = 0.0048*

Both 3 − 0.22 [− 0.69 to 0.25]

Unilateral 35 0.18 [0.05 to 0.31]
 Gamification Gamification 28 0.13 [− 0.01 to 0.27] p = 0.71

No gamification 14 0.18 [− 0.06 to 0.41]

 Feedback Feedback 34 0.10 [− 0.02 to 0.23] p = 0.10

No feedback 8 0.36 [0.02 to 0.70]
Programme features

 Setting Home 1 − 0.08 [− 0.75 to 0.60] p = 0.81

Outpatient 15 0.16 [− 0.17 to 0.48]

Inpatient 26 0.15 [0.06 to 0.23]
 Delivery mode Group 2 − 0.15 [− 1.42 to 1.12] p = 0.0067*

Solo 40 0.16 [0.05 to 0.28]
 Number of devices Multiple 5 − 0.83 [− 0.18 to 0.02] p = 0.0001*

Single 37 0.20 [0.07 to 0.33]
 Real world (object) interaction Object interaction 8 0.21 [0.02 to 0.40] p = 0.47

No object interaction 34 0.13 [0.00 to 0.27]

 Bimanual training Bimanual training 9 − 0.01 [− 0.23 to 0.21] p = 0.11

No bimanual training 33 0.18 [0.04 to 0.32]
 Supervision Self-training 2 0.08 [− 1.98 to 2.14] p = 0.71

Supervised 40 0.15 [0.02 to 0.27]
 Supervisor qualification Assistant 3 0.13 [− 0.62 to 0.89] p = 0.99

Professional 39 0.14 [0.01 to 0.27]

• ParFal > Both > Full.
• SMD 0.37 (parFal), 0.05 (both), 0.52 

(full, ns).
⬆ AcFve parFcipaFon key.

• Unilateral > Bilateral.
• SMD 0.18 vs 0.17 (ns).
➡ No major advantage for bilateral 
use.
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Subgroup Analysis — Degrees of Freedom
• Fewer DOF → beOer outcomes (p=0.012).
⬆ Simpler design improves effec>veness.
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the other studies. Given that the other 52 studies were 
relatively underpowered, these two studies had the 
potential to significantly overpower the data.

For upper limb capacity outcomes post-intervention, 
the effect of robotic rehabilitation compared to con-
ventional rehabilitation was statistically significant 
(SMD 0.14, 95% CI [0.02, 0.26]). The significant effect 
of robotic rehabilitation compared with conventional 
rehabilitation was not maintained at follow-up (SMD 
0.05, 95% CI [− 0.13, 0.24]). For ADL outcomes post-
intervention, the overall effect of robotic rehabilitation 
was non-significant when compared to conventional 
rehabilitation (SMD 0.04, 95% CI [− 0.05, 0.13]). There 
were also no significant effects of robotic rehabilitation 
compared with conventional rehabilitation at follow up 
(SMD 0.001, 95% CI [− 0.13, 0.13]).

Results from the original meta-analysis were con-
served and there were no changes to the pre-post, pre-
follow-up, or subgroup analyses by conducting these 
sensitivity analyses.

Discussion
Summary of main results
This systematic review and meta-analysis presented 
an update on the efficacy of upper limb robotic reha-
bilitation compared with conventional rehabilitation 
for people with stroke, specifically focusing on ‘Activ-
ity’ level outcomes in dose-matched trials. Importantly, 
this is the first review to define device and programme 
features in robotic rehabilitation and investigate their 
effects on outcomes in people with stroke. Our review 
identified a large body of literature with 54 studies and 
2,744 participants and has highlighted the exponential 
growth of rehabilitation research in robotics, with over 
50% of the included studies being conducted within 
the last 10 years. Meta-analysis demonstrated that 
robotic rehabilitation had a statistically significant pos-
itive effect on upper limb capacity compared to dose-
matched conventional rehabilitation (SMD 0.14, 95% 
CI [0.02, 0.26]). However, the magnitude of the positive 
effect was small [95] and the improvements seen were 
not maintained at follow-up (SMD 0.05, 95% CI [− 0.13, 
0.24]). An SMD of 0.14 is equivalent to an increase of 
13 on the FIM motor score and 8 on the ARAT, neither 
of which are considered clinically meaningful [96, 97]. 
These findings suggest that robotic rehabilitation may 
provide a small, short-term benefit in upper limb capac-
ity over conventional rehabilitation, which is not sub-
stantial enough to be deemed clinically important [95]. 
Our findings also indicate that robotic rehabilitation 
does not result in improved ADL function compared to 
dose-matched conventional rehabilitation either post-
intervention (SMD 0.04, 95% CI [− 0.05, 0.13]) or at 
follow-up (SMD 0.05, 95% CI [− 0.13, 0.24]). Previous 
meta-analyses by Veerbeek [17] and Norouzi-Gheidari 
[18] similarly concluded that robotic rehabilitation may 
not offer greater benefits for ADL function compared 
to conventional rehabilitation in dose-matched tri-
als. Therefore, despite significant increases in the body 
of evidence over the past decade, robotic rehabilita-
tion has yet to demonstrate substantial gains in upper 

Table 6 Subgroup analysis results for continuous variables

*Statistically significant test for subgroup differences p < 0.05

Subgroup category Test for subgroup differences (trend observed) Model coefficient

Device features

 Degrees of freedom (DOF) 0.012* − 0.06, 95% CI [− 0.11, − 0.01]

 Technology advancement 0.5902 0.007, 95% CI [− 0.02, 0.03]

Programme features

 Participant age 0.2744 − 0.01, 95% CI [− 0.03, 0.009]

 Time since stroke 0.6719 − 0.06, 95% CI [− 0.34, 0.22]

 Total training amount 0.7511 − 0.001, 95% CI [− 0.01, 0.007]

Fig. 15 Visualisation of meta-regression analysis for “Degrees 
of Freedom”
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Discussion — Main Findings

1. Scope: 54 RCTs, 2,744 par<cipants — first review defining both device
and programme features in robo<c rehabilita<on.

2. Upper limb capacity:
– Sta>s>cally significant but small benefit (SMD = 0.14 [0.02–0.26]).
– Not maintained at follow-up (SMD = 0.05 [−0.13–0.24]).
– Equivalent to ≈ +13 FIM motor or +8 ARAT — not clinically meaningful.

3. ADL outcomes:
– No significant difference post-interven>on or at follow-up.

4. Overall: Robo<c rehab provides a minor, short-term capacity gain, 
without transla<on to daily-life func<on.

➡ Limited clinical significance

19

1. Targeted delivery improves efficacy — robo<c rehab is more effec<ve 
when focused on specific upper limb movements.

2. Joint specificity:
– Distal-focused devices more effec>ve than proximal or whole-arm.

3. Degrees of freedom (DOF):
– Fewer DOF associated with greater improvement.

4. Device number:
– Single-device interven>ons yield benefits; mul>ple-device do not.

5. Key principle: Training specificity—target limited, meaningful 
movement pacerns.

Discussion — Tailoring Rehabilita/on

•Design implica0on: Devices and programs should 
support clinician-tailored, distal-focused, and 
specific-movement training.🎯
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1. Main finding: Gains in upper limb capacity did not translate into becer 
ADL performance.

2. Poten0al device factors:
– Features like portability, bimanual training, and object interac>on were not 

sta>s>cally significant, though trends favored portable (SMD = 0.28) and object-
interac>ve (SMD = 0.21) devices.

3. Task specificity: 
– Most devices trained simple movements (reaching, grasping), rarely complex 

ADLs (e.g., dressing, grooming).
4. Conven0onal therapy integrates compensatory strategies, while 

robo<c rehab focuses mainly on motor retraining.

Discussion — ADL Improvements

Current robo<c gains ≠ improved ADL

Consider portability, real-world interac<on. ➡ Design robots for daily tasks.
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Conclusion
1. Overall efficacy:

– Robo>c rehabilita>on provides small, short-term improvements in upper limb 
capacity.

– No significant gains in ADL.
2. Consistency with prior studies:

– Confirms prior findings that the clinical impact remains uncertain.
3. Key determinants of efficacy:

– Level of assistance (par>al > full).
– Joints mobilized (distal > proximal/whole-arm).
– Degrees of freedom (fewer beOer).
– Number of devices (single > mul>ple).

4. Clinical & design implica0ons

1. Tailor robo>c interven>ons 
to specific impairments.

2. Implement devices in daily 
task contexts for beOer 
func>onal relevance.
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遠端機器人是否可以提供較佳的上肢能力
(upper limb capacity)訓練成效？

不可以 待驗證 可以

Thank you!!!
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