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Abstract

Background: Stroke is a leading cause of long-term upper limb disability, severely impacting patients’ independence and quality
of life. Robot-assisted therapy (RAT) has emerged as a promising, high-intensity rehabilitation alternative. However, conclusions
from existing systematic reviews on its efficacy are inconsistent and often lack a holistic framework, limiting their use for guiding
personalized clinical decisions.

Objective: This study aims to systematically synthesize recent evidence on RAT for upper limb rehabilitation after stroke.
Guided by the International Classification of Functioning, Disability and Health framework, it moves beyond singular outcomes
to provide a multidimensional evaluation across body function, activity, and participation levels. The review aims to provide
stratified guidance for clinical decision-making based on patient- and intervention-specific characteristics, thereby supporting
evidence-based practice and informing future research.

Methods: This study included systematic reviews and meta-analyses published from January 1, 2019, to December 26, 2025,
comparing RAT with conventional therapy for upper limb rehabilitation after stroke. Overall, 6 databases, including PubMed,
Web of Science, and Embase, were searched. Two reviewers (XZ and LZ) independently performed study selection, data extraction,
and quality assessment using the AMSTAR 2 tool. The synthesis integrated outcome measures and subgroup analyses derived
from the included studies.

Results: This umbrella review included 21 meta-analyses encompassing 535 randomized controlled trials and 27,598 patients
across acute, subacute, and chronic stroke stages. According to AMSTAR 2, 17 reviews were high quality, 3 moderate, and 1
critically low. The synthesis demonstrated that RAT was superior in improving upper limb motor function, but no statistically
significant advantages were observed in activities of daily living compared to conventional therapy. Subgroup analyses revealed
that treatment effects were influenced by stroke stage, upper limb motor impairment level, and robot type.

Conclusions: RAT is an effective intervention for improving upper limb motor function after stroke. However, its benefits are
primarily observed at the level of body function, with limited evidence for long-term maintenance. The current evidence is
constrained by significant outcome heterogeneity and methodological limitations inherent to umbrella reviews. Future research
should validate these findings in broader clinical practice, focus on translating functional gains into sustained improvements in
daily activities and participation, and include cost-effectiveness evaluations.

Trial Registration: PROSPERO CRD42024497183; https://www.crd.york.ac.uk/PROSPERO/view/CRD42024497183

(J Med Internet Res 2026;28:e79363) doi: 10.2196/79363
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Introduction

As one of the diseases with the highest disability rate worldwide,
stroke severely affects upper limb motor function, significantly
impacting patients’ ability to perform activities of daily living
(ADL) and their quality of life [1]. Upper limb motor
impairment is highly prevalent post stroke, affecting nearly 80%
of patients in the acute phase, with persistent deficits observed
in 50%-60% of survivors at 6 months [2,3]. Consequently, early
and effective motor intervention is crucial to improve upper
limb function and enhance performance in daily activities.
Although traditional physical therapy can effectively improve
upper limb function in survivors with stroke, it is
resource-intensive, costly, and often relies on potentially limited
specialized facilities [4,5].

In recent years, robot-assisted therapy (RAT) has emerged as
a major focus of research in upper limb rehabilitation, owing
to its advantages, including quantifiability, high reproducibility,
and task-oriented exercise [6,7]. Evidence from clinical studies
suggests that RAT can enhance motor outcomes and promote
neuroplasticity [8]. For instance, robotic-exoskeleton training
has been shown to improve motor performance and cortical
excitability [9]. Furthermore, task-oriented upper limb training
with robotic assistance can modify sensorimotor cortex
neuroplasticity and support motor control and learning [8].
Numerous systematic reviews have concluded that RAT can
improve upper limb motor function and functional activity in
survivors with stroke, irrespective of the specific device used
[10-12].

However, the efficacy of RAT remains controversial [13]. For
example, one study concluded that robotic rehabilitation did
not yield significant advantages over conventional therapy in
measures such as Fugl-Meyer Assessment-Upper Extremity
(FMA-UE), Action Research Arm Test, and Motor Activity
Log scores [14], while other studies have reported positive
effects [15,16]. This heterogeneity may stem from factors such
as variability in study populations (eg, stroke type) [17],
differences in intervention protocols (eg, robot type) [18], and
inconsistent assessment tools [19-21]. More critically, existing
systematic reviews predominantly focus on single outcome
measures (eg, motor function) and lack a comprehensive analysis
of multidimensional recovery within the International
Classification of Functioning, Disability and Health (ICF)
framework [22], which distinguishes between body function,
activity, and participation levels. This limitation prevents the
provision of stratified guidance for clinical decision-making,
which is tailored to patients’ specific recovery goals and
functional levels.

An umbrella review represents an advanced form of systematic
review, distinguished by its capacity to synthesize findings from
multiple existing systematic reviews or meta-analyses, thereby
offering a more holistic and integrated perspective on a given
research topic [23]. This methodology is particularly suited to
mapping contradictions, identifying consistent patterns across
reviews, and assessing the overall strength of evidence in a
fragmented field. Building upon this methodology, the present
study aims to systematically integrate the available systematic

review evidence concerning RAT for upper limb rehabilitation
following stroke. Through comprehensive analysis, we seek to
elucidate not only the overall therapeutic effects but also identify
key moderating factors that influence outcomes. Therefore,
under the guidance of the ICF framework, this umbrella review
aims to (1) synthesize and appraise evidence from existing
systematic reviews on robot-assisted upper limb rehabilitation
after stroke; (2) examine the consistency and strength of
evidence across ICF domains; and (3) provide multidimensional,
stratified guidance for clinical practice and future research
directions.

Methods

Overview
The design, conduct, and reporting of this umbrella review
followed the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines (Multimedia Appendix
1) and its PRISMA-S (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses literature search extension)
checklist (Multimedia Appendix 2) [24,25]. Additionally, we
adhered to the PRIOR (Preferred Reporting Items for Overviews
of Reviews) checklist (Multimedia Appendix 3) to ensure
comprehensive reporting [26].

Eligibility Criteria
Given the complexity of upper limb motor function and its
critical role in daily life, upper limb rehabilitation robots have
reached a relatively mature stage of research, development, and
application. These systems enable high-precision, high-intensity,
and personalized training, which is designed to promote
functional recovery, quality of life, and self-care ability.
Accordingly, this review specifically investigated the effects of
robotic interventions on upper limb recovery post stroke. We
excluded reviews that focused only on general stroke outcomes
or those evaluating robotic interventions for lower limb
rehabilitation. Furthermore, included studies were required to
demonstrate clinical relevance through rigorous methodological
quality and provide complete datasets to support their
conclusions. To account for the rapid technological evolution
in this field, we limited inclusion to meta-analyses published
within the past 7 years.

Eligible studies involved adult patients with stroke undergoing
upper limb rehabilitation and compared interventions
incorporating RAT (as a stand-alone or adjunct treatment)
against conventional therapy. The outcomes focused on clinical
efficacy, encompassing upper limb motor function [27], muscle
strength [28], spasticity [29], and ADL [30]. Meta-analyses
lacking sufficient data and non-English publications were
excluded.

Search Strategy
We performed a systematic literature search on December 26,
2025, using the Sichuan University Library Discovery System.
The following databases were searched: PubMed, Web of
Science, Embase, the Cochrane Library, IEEE Xplore, and
Scopus. The search was restricted to peer-reviewed journal
articles published in English between January 1, 2019, and the
search date. The complete search syntax is detailed in Table S1
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in Multimedia Appendix 4. The search strategy was developed
de novo through team discussion to ensure conceptual adequacy.
It was not based on any previously published strategy and was
not updated after its initial execution. No supplementary search
techniques were used, such as citation tracking, manual searches
of grey literature, or contacting authors for unpublished data.
The study protocol was prospectively registered on PROSPERO
(CRD42024497183), and no additional trial registries were
consulted. All retrieved records were imported into EndNote
20 for management. Duplicates were removed using the
software’s automated function, supplemented by manual
verification, to compile a unique set of citations for subsequent
screening.

Selection Process
Two reviewers (XZ and LZ) independently appraised the
methodological quality of each included meta-analysis using
the AMSTAR 2 tool [31]. Any disagreements were resolved
through discussion with a third reviewer (SL) to reach
consensus. The overall quality of each study was rated as high,
moderate, low, or critically low.

Data Items
Two reviewers (XZ and LZ) independently performed data
extraction using Microsoft Excel 2019. For the qualitative
evidence synthesis, key information was extracted from each
meta-analysis. This included all outcome comparisons between
RAT and conventional therapy, as well as the moderators
examined in prespecified subgroup analyses. The extracted
moderators comprised intervention intensity, stroke stage
(subacute or chronic), robot type (unilateral vs bilateral), training
design (exoskeleton vs end-effector), and baseline upper limb
motor impairment level.

Assessment of Overlap
To assess the degree of primary study overlap across the
included systematic reviews, we constructed a citation matrix
in tabular form and used the corrected covered area (CCA) index
to quantify the overall extent of overlap, calculated using the
following formula: CCA = (N – r) × (r × c) – r

where represents the total number of included publications
(including duplicates), r denotes the number of index
publications (the count of unique primary studies or the number
of rows in the matrix), and is the number of reviews (or the
number of columns in the matrix).

The CCA value was interpreted using commonly applied
thresholds derived from Pieper et al [32] work: <5% (slight),
5%-10% (moderate), 11%-15% (high), >15% (very high). For
meta-analyses with incomplete information, the following
handling approach was adopted: (1) Maximized matching: using
the available author and year information, cross-referencing
and matching were performed against the references in the other

20 meta-analyses. (2) Conservative estimation: for studies that
could not be uniquely matched, they were treated as independent
studies in the calculation of the overall CCA to avoid
underestimating overlap.

Synthesis Methods
Given the methodological limitations of statistically pooling
effect sizes from different meta-analyses, this study used a
narrative synthesis approach to summarize and evaluate the
evidence. The results for each outcome measure were
categorized based on the direction of the effect and its statistical
significance: if RAT was significantly superior to conventional
therapy, it was classified as “Significant;” if there was no
significant difference or if conventional therapy was superior,
it was classified as “Non-significant.” The determination of
statistical significance was based on whether the 95% CIs
reported in the original meta-analyses included the null value.

In the synthesis and interpretation of the evidence, we fully
incorporated considerations of heterogeneity and risk of bias.
For heterogeneity, in addition to examining statistical indicators
such as I², we focused on analyzing its methodological sources,
including population characteristics, intervention protocols, and
measurement tools. When heterogeneity was high,
interpretations were made cautiously, relying on subgroup
results. For the risk of bias, we considered both the
methodological quality of the included meta-analyses (assessed
using AMSTAR 2) and potential biases in the original studies.
These factors were integrated to grade and critically discuss the
evidence during result interpretation.

Protocol Amendments
During the study screening phase, the publication date range
specified in the registration protocol (CRD42024497183) was
updated from December 30, 2013-December 30, 2023, to
January 1, 2019-December 26, 2025, to obtain the most recent
evidence. All other methodological aspects followed the original
protocol.

Results

Overview
From an initial pool of 1307 records identified, 21 meta-analyses
[10,16,19-22,33-47] were included following deduplication and
multiple rounds of screening. The study selection flow is
detailed in Figure 1. The 21 meta-analyses collectively cited
primary studies 591 times. After deduplication, 310 independent
primary studies were obtained. Among these, multiple studies
were repeatedly included in different systematic reviews. All
studies that were cited 2 or more times (≥2) and their citation
frequencies are summarized in Table S2 in Multimedia
Appendix 5. The CCA was 4.532%, indicating a slight degree
of overlap among the primary studies in this research.

J Med Internet Res 2026 | vol. 28 | e79363 | p. 3https://www.jmir.org/2026/1/e79363
(page number not for citation purposes)

Liu et alJOURNAL OF MEDICAL INTERNET RESEARCH

XSL•FO
RenderX

http://www.w3.org/Style/XSL
http://www.renderx.com/


Figure 1. Flowchart of study selection process in the umbrella review of robot-assisted therapy for upper limb rehabilitation poststroke.

Overview of the Study Included
This review ultimately included 21 meta-analyses
[10,16,19-22,33-47], encompassing a total of 535 randomized
controlled trials and involving 27,598 patients with upper limb

dysfunction after stroke. The study participants included patients
in the acute, subacute, and chronic phases of stroke. The types
of robots included are end-effector, exoskeleton, soft robotic
gloves, etc. Table 1 provides a detailed overview of all the
included meta-analyses.
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Table 1. Characteristics of the meta-analyses included in the umbrella review on robot-assisted therapy for upper limb rehabilitation post stroke.

OutcomeMeasurement
instrument

Robotic typeControl groupExperimental groupFollow-
up

Clinical
status

Sample
size

Number of
papers

Authors

Portable
robots prove

FMAdEnd-effector-
based, ex-

Conventional thera-
py or no therapy

Portable rehabilita-
tion robot. The aver-
age duration was

—cSurvivors
with
stroke

295 par-
ticipants

(EGa,

9Tseng et
al [33]
(2024) to be effec-

tive (FMA:
oskeleton-
based, and or-
thosis

87.78 min. The aver-
age number of train-
ing sessions per

n=150;

CGb,
n=145）

SMDe=0.696,
95%=0.099
to .293,
P<.05).

week is 4.56. The
average training peri-
od was 4.22 weeks

RAT is an
effective in-

FMAEnd effector
robots, ex-

Dose-matched con-
ventional rehabilita-
tion

Unilateral RATf or
bilateral RAT

—Patients
with
stroke

191641Wu et al
[34]
(2021) tervention

for improv-
oskeleton
robots

ing upper ex-
tremity mo-
tor impair-
ment in pa-
tients with
stroke.

RAT is sig-
nificantly

FMARobotic ex-
oskeleton

Conventional thera-
py

RAT—Acute-
subacute
(<8

89226Marotta
et al
[35]
(2021)

useful for
people with
stroke.

weeks)
people,
chronic
people

Soft robotic
gloves can

FMA, MBIg,

MASh, FIMi,

WMFTj

Soft robotic
gloves or oth-
er similar de-
vices

Physical therapy and
occupational therapy

Rehabilitation pro-
grams involving soft
robotic gloves or
other similar devices

—Patients
with post-
stroke
hemipare-
sis who

3098Ko et al
[36]
(2023) promote the

functional
abilities of

had re- the upper ex-
tremities.ceived or

were
scheduled
to receive
rehabilita-
tion

Limb activa-
tion through

MVPT-3k,

LBTl, SCTm,

ATn, CBSo

Exoskeleton
or end-effec-
tor

Conventional rehabil-
itation for unilateral
spatial neglect after
stroke

Robotic limb activa-
tion in patients with
unilateral spatial ne-
glect after stroke

—Adults
with an
objective
diagnosis
of unilat-

142, in-
terven-
tion
group
73, and

9Bazan
et al
[37]
(2022)

robotic thera-
py can im-
prove mid-
line percep-eral spa-control
tion. Howev-tial ne-group

69 er, there was
no impact on

glect after
stroke

tasks assess-
ing visual
scanning,
functionali-
ty, or activi-
ties of daily
living.
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OutcomeMeasurement
instrument

Robotic typeControl groupExperimental groupFollow-
up

Clinical
status

Sample
size

Number of
papers

Authors

A statistical-
ly significant-
ly higher
treatment ef-
fect in the
robotic-as-
sisted exer-
cise group
(P=<0.0001)
compared to
the tradition-
al treatment
group, with
a total effect
size of 0.44
(CI 0.22 to
–0.65).

MAS, Jamar,

BIp
End-effector
robots, ex-
oskeleton

Traditional occupa-
tional and physiother-
apy

Commercialized
RAT

—Persons
with
stroke

1295,
with an
age
range
from 20
to 95
years of
age

18Jo-
hansen
et al
[21]
(2023)

It is unclear
whether
robot-assist-
ed therapy
accelerates
upper extrem-
ity recovery
poststroke
when used in
conjunction
with conven-
tional thera-
py.

FMAEnd-effector
robots, ex-
oskeleton

Conventional thera-
py

RAT—Partici-
pants
(age > 18
years)
with
stroke re-
sulting in
function-
al deficits
in their
upper ex-
tremities.

1141,
the age
range of
20 to 85
years,
with a
median
age of
57 years

14Carrillo
et al
[19]
(2023)

The out-
comes
postinterven-
tion were
significantly
improved in
the EMG-
based robot
group.

FMA, MAS,

ADLr
EMG-based
robot

Conventional rehabil-
itation

EMGq-based robot—Patients
who have
been suf-
fering
stroke,
subacute

330
(EG,
n=175;
CG,
n=155）

13Huo et
al [38]
(2023)

RAT was
slightly supe-
rior in motor
impairment
recovery.

FMA,

ARATs,

WMFT, BBTt,

9-HPTu, CA-

HAIv, AM-

ATw

Exoskeleton
and end-effec-
tor

Conventional occu-
pational therapy,
physical therapy,
task-specific train-
ing, ADL training,
and constraint-in-
duced movement
therapy

RAT. Time per ses-
sion ranged from 30
minutes to 5 hours.
The duration of the
intervention ranged
from 2 weeks to 12
weeks.

—Patients
diag-
nosed
with
stroke
and hav-
ing upper
limb mo-
tor dys-
function

224135Chen et
al [22]
(2020)
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OutcomeMeasurement
instrument

Robotic typeControl groupExperimental groupFollow-
up

Clinical
status

Sample
size

Number of
papers

Authors

RAT pro-
duced bene-
fits similar,
but not sig-
nificantly su-
perior, to
those from
usual care
for improv-
ing function-
ing and dis-
ability in pa-
tients diag-
nosed with
stroke within
6 months.

FMA, FIM,
BI, ARAT,
WMFT

End-effector
robots, ex-
oskeleton

Usual careThe number of ses-
sions for RT ranged
from 9 to 40, and
each session lasted
for 30–120 mins.
Participants received
RAT for 5 days per
week for 2–12
weeks

—6 months
after the
onset of
stroke

493, the
partici-
pants
were
aged
18–65
years

11Chien et
al [10]
(2020)

Small signifi-
cant improve-
ments in up-
per limb-
muscle syner-
gism, muscle
power, mo-
tor perfor-
mance, and
basic ADLs.

FMAEnd-effector,
exoskeleton

Any other rehabilita-
tive intervention
(usual care or specif-
ic interventions),
placebo, or no treat-
ment

Upper limb-robot
therapy. Intervention
ranged from 2 weeks
to 12 weeks, with a
mean upper limb-
robot therapy time
of 53.55 minutes per
session and 4.56

—Patients
with up-
per limb
limita-
tions post-
stroke

424086Iaco et
al [39]
(2024)

MIy showed
a signifìcant
improve-
ment
(P<.05) in
the robotic
intervention
group.

FMA, Quick-

DASHx
End-effector
(Amadeo) and
exoskeleton

Traditional or con-
ventional rehabilita-
tion therapy

Exoskeleton and
end-effector RAT

—Patients
with fin-
ger-hand
motor im-
pairment
stroke

149(78
males
and

71 fe-
males)

5Moggio
et al
[40]
(2022)

RAT can sig-
nificantly en-
hance the up-
per limb mo-
tor function
and activities
of daily life
in patients
with stroke
undergoing
upper limb
rehabilita-
tion.

FMA, MBI,
MAS, FIM,
WMFT

End-effectorAny comparative
therapy, as well as
treatment, as

usual or no treat-
ment

RAT—Patients
aged 18-
80 years
with a
stroke di-
agnosis

127514Yang et
al [16]
(2023)
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OutcomeMeasurement
instrument

Robotic typeControl groupExperimental groupFollow-
up

Clinical
status

Sample
size

Number of
papers

Authors

RAT has sig-
nificant im-
mediate ben-
efits for mo-
tor control
and function-
al activity of
the hemi-
paretic upper
limb in pa-
tients after
stroke.

FMA, MBI,
FIM

End-effector,
exoskeleton,
hybrid robot

Non-robotic therapyThe arm robot used
in the intervention
group included the
Mirror Image Move-
ment Enabler, UL-
EXO7, Amadeo
Robotic System, In-
Motion ARM 2.0
Robot, Aremo
Spring, Bi-Manu-
Track, Myomo e100,
Neuro-Rehabilita-
tion Robot, elec-
tromyography-driv-
en robot, REJOYCE
robot, Pneu-WREX,
ReoGo system, and
Gloreha robot. Pa-
tients received RAT
4 sessions per week
for 6 weeks.

≥ three
months

The
stroke pa-
tients
were over
18 years
old

2533
partici-
pants
with a
mean
age
ranging
from
46.20 to
75.5
years

46Zhanget
al [20]
(2022)

The overall
effect of
robot-assist-
ed distal
training on
the motor
function of
the wrists
and hands
was a signifi-
cant improve-
ment.

FMA, 9-HPT,
BBT, MAS,

MRCz, MI

Exoskeleton
robot, end-ef-
fector robot,
and self-devel-
oped devices

Therapist-assisted
training or passive
range of motion exer-
cise

Robot-assisted distal
training. The train-
ing lasted for ≤ 4
weeks with 20 ses-
sions conducted 5
times per week for ≤
60min each.

—Partici-
pants of
either
gender
over 18
years of
age after
any dura-
tion of
stroke

75822Zhao et
al [41]
(2022)

Robotic reha-
bilitation had
a small, sta-
tistically sig-
nificant posi-
tive effect on
upper limb
capacity
compared
with conven-
tional rehabil-
itation (SMD
0.14, 95%
CI 0.02-
0.26).

FIM, BI,
ADL, MAL

End-effector,
Exoskeleton

Conventional rehabil-
itation

Guide patients to
perform high-intensi-
ty, repetitive upper
limb task training
using mechanical-
assisted devices.

Ranging
from 2
weeks
to 6
months

Patients
with
stroke

274454Boardsworth
et al
[42]
(2025)

Upper-limb
robots did
not demon-
strate signifi-
cant superior-
ity over con-
ventional
treatments in
improving
the function
of upper
limbs.

FMA, ARAT,
BBT, WMFT,
FIM, MI

End effectors
such as the
Armeo Spring,
sensor-based
devices, InMo-
tion2, ReHap-
ticKnob, and
Reo therapy
systems.

Conventional treat-
ments

RAT as the assistive
technology

—Patients
with
acute
stroke

70831Hwang
et al
[43]
(2024)
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OutcomeMeasurement
instrument

Robotic typeControl groupExperimental groupFollow-
up

Clinical
status

Sample
size

Number of
papers

Authors

Robot-assist-
ed task-ori-
ented train-
ing signifi-
cantly en-
hances the
rehabilita-
tion of upper
limb func-
tion and the
recovery of
daily living
skills in pa-
tients with
stroke.

FMA-UEaa,
MBI

End-effector,
Exoskeleton

Conventional thera-
pies

The intervention in-
cluded robot-assist-
ed task-oriented
training, without re-
strictions on the
types of robots,
training durations,
intensities, or fre-
quencies.

—Patients
with
stroke

57415Jin et al
[44]
(2025)

Upper limb
robot–assist-
ed training is
superior to
conventional
training in
terms of im-
proving up-
per limb mo-
tor impair-
ment, ability
to perform
daily living
activities,
and muscle
tone recov-
ery.

FMA-UE,

WMDab,
ARAT, MBI,
MAS

End-effector,
Exoskeleton

Conventional rehabil-
itation

Upper limb robot re-
habilitation training

—Patients
with
stroke

57318Su et al
[45]
(2024)

RAT pro-
duces some
significant
improve-
ments for the
upper limb,
but these dif-
ferences are
not clinically
relevant
when com-
pared to oth-
er therapies.

FMA, BI,

SISac, FIM,
BBT, ARAT,
WMFT, MAS

Exoskeleton,
End-effector,
Hand and Fin-
ger Rehabilita-
tion Robots,
Bilateral or
Mirror-train-
ing Robots,
Hybrid or Inte-
grated Robotic
Systems

Conventional physio-
therapy

RAT—Patients
with
stroke

345285Verola
et al
[46]
(2025)
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OutcomeMeasurement
instrument

Robotic typeControl groupExperimental groupFollow-
up

Clinical
status

Sample
size

Number of
papers

Authors

RAT com-
bined with
routine reha-
bilitation
therapy can
effectively
improve the
upper limb
motor func-
tion and ac-
tivities of
daily life of
patients with
stroke.

FIM, FMA-
UE, MAS,
MBI

End-effector
robot-assisted
therapy, ex-
oskeleton
robot-assisted
therapy

Conventional rehabil-
itation therapy

RAT+conventional
rehabilitation thera-
py

—Patients
with
stroke

153831Wang et
al [47]
(2025)

aEG: experimental group.
bCG: control group.
cNA: not applicable.
dFMA: Fugl-Meyer Assessment.
eSMD: standardized mean difference.
fRAT: robot-assisted therapy.
gMBI: Modified Barthel Index.
hMAS: Modified Ashworth Scale.
iFIM: Functional Independence Measure.
jWMFT: Wolf Motor Function Test,
kMVPT-3: motor-free visual perception test 3rd.
lLBT: line bisection test.
mSCT: star cancellation test.
nAT: Albert’s test.
oCBS: Catherine Bergego Scale.
pBI: Barthel Index.
qEMG: Electromyography.
rADL: activity of daily living.
sARAT: Action Research Arm Test.
tBBT: Box and Blocks Test.
u9-HPT: Nine Hole Peg Test.
vCAHAI: Chedoke Arm and Hand Activity Inventory.
wAMAT: Arm Motor Ability Test.
xQuickDASH: quick version of disabilities of the arm, shoulder, and hand.
yMI: motricity index.
zMRC: Medical Research Council Scale.
aaFMA-UE: Fugl-Meyer Assessment-upper extremity.
abWMD: weighted mean differences.
acSIS: Stroke Impact Scale.

Methodological Quality of Included Reviews
The methodological quality of the included reviews was assessed
using the AMSTAR 2 tool. We synthesized the reported findings
from these reviews rather than conducting a new meta-analysis
of primary data. According to the AMSTAR 2 appraisal, 17 of
the 21 included meta-analyses were of high quality
[10,16,20-22,34,35,37,39-47], 3 were of moderate quality

[19,33,36], and one was of critically low quality [38] (Table 2).
Downgrading was primarily due to factors such as unmet
justification for significant statistical heterogeneity [36] or
inadequate consideration of potential biases from the primary
randomized controlled trials [38]. Despite these limitations, the
evidence base is reliable, as the key conclusions are underpinned
by a preponderance of medium- to high-quality studies (95.2%),
indicating robust primary findings [40].
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Table 2. Methodological quality assessment of included meta-analyses using the AMSTAR 2 tool.

AMSTAR
2 overall
rating

Item
16

Item
15*

Item
14

Item
13*

Item
12

Item
11*

Item
10

Item
9*

Item 8Item
7*

Item
6

Item
5

Item
4*

Item
3

Item
2*

Item
1

Stud-
ies

ModerateYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

NoNoPartial
Yes

YesYesYesTseng
et al
[33]
(2024)

HighYesYesYesYesYesYesNoYesPartial
Yes

YesYesYesPartial
Yes

YesYesYesWu et
al [34]
(2021)

HighYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesMarot-
ta et al
[35]
(2021)

ModerateYesYesNoYesYesYesNoYesPartial
Yes

YesYesYesPartial
Yes

YesPartial
Yes

YesKo et
al [36]
(2023)

HighYesYesYesYesYesYesNoYesPartial
Yes

YesYesYesPartial
Yes

YesPartial
Yes

YesBazan
[37]
(2022)

HighYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesJo-
hansen
[21]
(2023)

ModerateYesYesNoYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesPartial
Yes

YesCarril-
lo [19]
(2023)

Critically
low

YesNoNoYesYesYesNoYesPartial
Yes

NoYesYesPartial
Yes

YesYesYesHuo
[38]
(2023)

HighYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesChen
et al
[22]
(2020)

HighYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesChien
et al
[10]
(2020)

HighYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesIaco et
al [39]
(2024)

HighYesYesYesYesYesYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesMog-
gio et
al [40]
(2022)

HighYesYesYesYesNoYesNoYesPartial
Yes

Partial
Yes

YesYesPartial
Yes

YesYesYesYang
et al
[16]
(2023)

HighYesYesYesYesYesYesNoYesYesPartial
Yes

YesYesPartial
Yes

YesYesYesZhang
et al
[20]
(2022)

HighYesYesYesYesYesYesNoYesYesPartial
Yes

YesYesPartial
Yes

YesYesYesZhao
et al
[41]
(2022)
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AMSTAR
2 overall
rating

Item
16

Item
15*

Item
14

Item
13*

Item
12

Item
11*

Item
10

Item
9*

Item 8Item
7*

Item
6

Item
5

Item
4*

Item
3

Item
2*

Item
1

Stud-
ies

HighYesYesYesYesYesYesNoYesYesYesYesYesPartial
Yes

YesYesYesBoards-
worth
et al
[42]
(2025)

HighYesNoYesYesYesYesNoYesYesYesYesYesYesYesYesYesHwang
et al
[43]
(2024)

HighYesYesYesYesYesYesNoYesYesYesYesYesYesYesYesYesJin et
al [44]
(2025)

HighYesYesNoYesPartial
Yes

YesNoYesYesYesYesYesYesYesYesYesSu et
al [45]
(2024)

HighYesYesYesYesYesYesNoYesYesYesYesYesPartial
Yes

YesYesYesVerola
et al
[46]
(2025)

HighYesYesNoYesPartial
Yes

YesNoYesYesYesYesYesPartial
Yes

YesYesYesWang
et al
[45]
(2025)

*Indicates that the corresponding item is critical.

Primary Outcome: Upper Limb Motor Function
The Fugl-Meyer Assessment (FMA) is the “gold standard” for
assessing upper-extremity sensorimotor function, due to its
ability to assess aspects such as movement within synergies,
mixing synergies, reflexes, wrist, hand, grip, coordination, and
speed movements, thus providing a large amount of information
that is very useful for understanding the sensorimotor capacity
of the affected upper limb after a stroke [48]. The FMA was
adopted as the primary outcome measure in 18 out of the 21
included meta-analyses (85.7%) to evaluate the restoration of
upper limb motor function.

However, the specific clinical questions explored by various
studies using FMA differ significantly, covering multiple
dimensions such as the immediacy and sustainability of
therapeutic effects [36], responses in populations at different
stroke stages [16,21], and impacts on other functional domains
[35]. By synthesizing these studies, the consistent use of FMA
provides highly comparable and reliable evidence for a

comprehensive, multifaceted evaluation of the efficacy of
robot-assisted therapy.

Immediate Effects on Upper Limb Function
This study synthesizes evidence on the immediate effects of
RAT from multiple meta-analyses. As shown in Table 3, various
studies used standardized mean difference (SMD), mean
difference (MD), weighted mean differences (WMD), and
Hedges gas effect size metrics. Eight independent effect size
estimates from different meta-analyses demonstrated statistically
significant positive effects of RAT [20,33,34,36,42,44,45,47],
supporting its immediate benefits. However, one study reported
a non-significant result [43], and variations were observed in
the magnitude of effects. The meta-analysis demonstrated
moderate heterogeneity (I²=35%), with variations among the
included studies in terms of population characteristics, device
types, and treatment protocols. Moreover, the study’s own
assessment indicated potential risks of bias in areas such as
intervention implementation and completeness of outcome data.
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Table 3. Summary of meta-analyses on the immediate effects of robot-assisted therapy compared to conventional therapy on upper limb function in
patients with stroke.

Statistical significance95% CIValueEffect sizeStudies

Significant0.09-1.2930.696SMDaTseng et al [33] (2024)

Significant0.08-0.320.2SMDZhang [20] (2022)

Significant3.65-9.396.52MDbKo et al [36] (2023)

Significant0.11-0.380.25Hedges gWu et al [34] (2021)

Significant0.02-0.260.14SMDBoardsworth et al [42] (2025)

Non-significant–0.07 to 10.054.99MDHwang et al [43] (2024)

Significant0.57-1.451.01SMDJin et al [44] (2025)

Significant3.36-7.175.27WMDSu et al [45] (2024)

Significant3.52-8.325.92MDcWang et al [47] (2025)

aSMD: standardized mean difference.
bMD: mean difference.
cWMD: weighted mean differences.

Long-Term Maintenance of Upper Limb Function
Regarding the long-term maintenance effects of RAT, this
review confirms that RAT demonstrates sustained short-term
efficacy in improving upper limb function [20,36,42,45], as
shown in Table 4. Meanwhile, our comprehensive analysis
reveals a significant time-gradient effect: while significant

functional improvements were observed immediately after the
intervention and during short-term follow-up (≤12 weeks)
[36,45], these advantages generally diminished or even
disappeared during long-term follow-up (>12 weeks) [20,42].
This time-dependent pattern of efficacy decay indicates notable
limitations in current robotic rehabilitation strategies for
maintaining long-term therapeutic effects.

Table 4. Effects of robot-assisted therapy on the long-term maintenance of upper limb function in stroke survivors, stratified by follow-up duration.

Statistical significance95% CIValueEffect sizeFollow-upStudies

Significant5.03-10.557.79MDa≤12 weeksKo et al [36] (2023)

Non-significant–0.21 to 0.07–0.07SMDb>12weeksZhang et al [20] (2022)

Non-significant–0.13 to 0.240.05SMDNABoardsworth et al [42] (2025)

Significant3.46-9.86.63WMDc＞4weeksSu et al [45] (2024)

Significant2.11-6.884.49WMD≤4 weeksSu et al [45] (2024)

aMD: mean difference.
bSMD: standardized mean difference.
cWMD: weighted mean differences.

Secondary Outcomes

Spasticity
The impact of RAT on spasticity represents another critical
dimension for evaluation. The Motor Assessment Scale (MAS)
serves as a core, standardized tool for assessing upper limb

spasticity following stroke [49]. Although 4 meta-analyses have
investigated this issue [16,21,38,41], and multiple studies have
reported that robotic training can significantly improve
spasticity, as shown in Table 5, their conclusions have been
challenged by key research. For instance, some studies contained
directional contradictions or reporting flaws, making the results
difficult to interpret reasonably [41].
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Table 5. Meta-analysis results of the effects of robot-assisted therapy on upper limb spasticity (measured by Modified Ashworth Scale) in patients
after stroke.

Statistical significanceP value95% CIValueEffect sizeStudies

Significant<.00001–1.33 to 0.22–0.24MDaJohansen et al [21] (2023)

Non-significant.03–0.82 to –0.03–0.42MDHuo et al [38] (2023)

Significant.01–0.32 to –0.040.18MDZhao et al [41] (2022)

Non-significant.05–2.85 to –0.12–1.49SMDbYang et al [16] 2023

aMD: mean difference.
bSMD: standardized mean difference.

Current evidence demonstrates marked heterogeneity (MD

–0.42, 95% CI –0.82 to –0.03, I2=83%, P=.03) [38], primarily
due to differences among the included studies in terms of
population characteristics, intervention protocols, and
assessment methods. This heterogeneity makes it difficult to
directly compare or synthesize findings across studies.
Therefore, the use of the RAT was not more significant than
conventional treatment in improving spasticity [16].

Activity of Daily Living
Six meta-analyses evaluated the effect of robot-assisted therapy
on the ADL of patients with stroke [20-22,41,42,46]. The
evidence regarding its overall immediate effects remains
inconsistent, as shown in Table 6. Although some studies
reported significant positive effects at the end of the intervention
period, heterogeneity among the studies limits the robustness
of the conclusions [20,41].

Table 6. Effect sizes for the impact of robot-assisted therapy on the activity of daily living in patients with stroke.

Statistical significanceP value95% CISMDaStudies

Non-significant.17–0.04 to 0.250.11Johansen et al [21] (2023)

Non-significant.15–0.055 to 0.170.0049Chen et al [22] (2023)

Significant<.00010.16-0.470.32Zhang et al [20] (2022)

Significant<.001–0.29 to 1.110.7Zhao et al [41] (2022)

Non-significant.86–0.05 to 0.130.04Boardsworth et al [42] (2025)

Significant＜.010.15-0.430.29Verola et al [46] 2025

aSMD: standardized mean difference.

Long-term follow-up data further indicate that the initial
therapeutic benefits may not be sustainable. For instance, a
meta-analysis by Zhang et al [20] demonstrated that the effect
size diminished and became statistically non-significant during
the follow-up period (SMD=0.09, 95% CI –0.06 to 0.23,

I2=38%), suggesting that the improvement in ADL from RAT
may diminish over time. Subgroup analysis provided key
insights for understanding the heterogeneity in treatment effects,
indicating that the degree of ADL improvement is moderated
by patients’ baseline upper limb motor impairment levels and
robotic training modalities. Among these, the level of active
engagement during training emerged as a significant influencing
factor [20].

Subgroup Analysis Results

Device Types and Patient Upper Limb Motor Impairment
Levels
Based on current evidence, the differential efficacy of RAT for
patients with mild-to-moderate versus severe upper limb motor
impairment demonstrates a complex interaction pattern, as
shown in Table 7. Device type may well be the key moderating
factor explaining this heterogeneity. Wu et al [34] demonstrated
that end-effector robots exhibited clear advantages (Hedges

g=0.22, 95% CI 0.09-0.36, I2=35.4%). This finding provides a
crucial explanation for their overall subgroup results. However,
the study by Su et al [45] found that exoskeletons (WMD 6.90,
95% CI 4.33-9.47) demonstrated a superior effect on upper limb
motor impairment compared to end-effector devices (WMD
3.28, 95% CI 0.44-6.12).
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Table 7. Subgroup analysis of the efficacy of robot-assisted therapy on upper limb function in patients with stroke, stratified by baseline motor
impairment level.

Statistical significance95% CIValueEffect sizeSubgroups and studies

Mild-to-moderate

Non-significant–0.01 to 0.40.19Hedges gWu et al [34] (2021)

Significant0.09-0.420.26SMDaZhang et al [20] (2022)

Severe

Significant0.08-0.460.27Hedges gWu et al [34] (2021)

Non-significant–0.01 to 0.30.14SMDZhang et al [20] (2022)

aSMD: standardized mean difference.

The meta-analysis by Zhang et al [20], which included
end-effector, exoskeleton, and hybrid robotic devices, yielded
results more supportive of the therapy's benefits for patients
with mild-to-moderate upper limb motor impairment. The
discrepancy between the findings of these 2 studies strongly
suggests a specific matching relationship between robot types
and patients’ upper limb motor impairment levels: end-effector
robots may hold unique value for patients with severe
impairment, while more complex devices like hybrid systems
may provide additional benefits for those with mild-to-moderate
upper limb motor impairment [20].

Stroke Stage
Based on current meta-analytical evidence, the efficacy of RAT
for upper limb rehabilitation following stroke demonstrates a
distinct phase-dependent characteristic [50]. As shown in Table
8, within the population of patients with chronic stroke, the
evidence demonstrates a high degree of consistency. Six studies
[16,21,34-36,38] reported statistically significant functional
improvements, supporting the effectiveness of this therapy
during this phase.

Table 8. Subgroup analysis comparing the efficacy of robot-assisted therapy on upper limb function in patients with subacute stroke.

Statistical significance95% CIValueEffect sizeSubacute subgroup and
studies

Significant0.2-0.80.5SMDaJohansen et al [21] (2023)

Significant0.29-2.071.18SMDHuo et al [38] (2023)

Significant1.31-6.874.09SMDMarotta et al [35] (2021)

Non-significant–0.56 to 0.24–0.16SMDYang et al [16] (2023)

aSMD: standardized mean difference.

In contrast, the evidence for patients in the subacute phase
demonstrates marked heterogeneity. Among four relevant studies
[16,21,35,38], three reported significant benefits [21,35,38],
while one showed no significant effects [36], indicating that a
clear consensus regarding its efficacy at this stage has yet to be
established. These divergent outcomes may primarily stem from
variations in intervention protocols, types of robotic devices,
training dosage, and program design.

Secondly, the ambiguity in study population definitions may
introduce bias. The criteria for defining the “subacute phase”
across studies could lead to differences in the actual recovery
stages and potential of included patients [51]. Finally,
methodological heterogeneity cannot be overlooked. Variations
in inclusion criteria, statistical methods, and bias risk assessment
among different meta-analyses could all affect the final synthesis
of results. These factors collectively highlight the need for
caution when interpreting the evidence, and future research
should aim to clarify these complex relationships through more
detailed subgroup analyses and standardized definition criteria.

Discussion

Principal Findings
Based on the systematic synthesis of existing meta-analytical
evidence conducted in this umbrella review, we are able to
examine the value and position of RAT in poststroke upper limb
rehabilitation from a broader perspective. Importantly, our
analysis is guided by the ICF framework, which provides a
structured approach to evaluating outcomes across different
dimensions of recovery. The main findings, clinical implications,
and future research directions of this study are outlined as
follows.

Efficacy Across ICF Levels: From Body Function to
Activity
This review confirms that RAT demonstrates certain efficacy
in improving upper limb motor function at the ICF body
functions level, as measured by the FMA [36]. However, our
synthesis reveals a crucial gradient in treatment effects across
ICF levels. First, the therapeutic effects show significant
stage-dependency, with the most robust and consistent evidence
supporting its effectiveness for patients in the chronic phase
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[16,34,35], while its efficacy for subacute patients remains
inconsistent due to variations in intervention protocols and
patient characteristics [16]. Second, a prominent finding is the
limited translation of benefits to the ICF activity level. Although
it effectively improves upper limb function and reduces
spasticity [34,41], its effects on higher-level functions such as
hand dexterity, ADL, and social participation are limited and
inconsistent [22,41].

Specifically, when assessing manual dexterity, studies using
the Nine-Hole Peg Test demonstrated that the robot-assisted
group completed tasks significantly faster than the conventional
therapy group [22,38], whereas studies using the Box and Block
Test found no significant advantage [41]. More importantly,
although RAT performed no worse than conventional
therapist-guided training in improving both ADL and enhancing
social participation, neither domain showed statistically
significant superiority for the robotic approach [22,41]. This
dissociation between body functions and activity-level outcomes
represents a key challenge in robotic rehabilitation.

Moderators of Treatment Response
Within the ICF framework, we identified several critical
moderators that explain the substantial heterogeneity in
treatment effects. Intervention intensity is a critical factor
influencing therapeutic efficacy. Zhang et al [20] found that
when the total treatment duration exceeded 15 hours, the RAT
group showed significant improvements in both motor control
and functional activity. However, Yang et al [16] reported that
excessively long treatment cycles may lead to diminishing
returns. Notably, Carrillo et al [19] evaluated the impact of
different training intensities on FMA scores and demonstrated
that higher-intensity interventions were most beneficial for
functional recovery. Furthermore, multiple dimensions of
training intensity (session duration, frequency, total cycle) need
to be considered synergistically [45,47]. Johansen et al [21]
found that significant therapeutic effects were achieved when
the total intervention dose reached 1375.33 minutes, while Ko
et al [36] subgroup analysis regarding total training duration
indicated no significant improvements, regardless of whether
the training period exceeded or fell short of 2 weeks. This
finding suggests that we need to consider interactions among
dose parameters [36].

Device Characteristics and Training Modalities
Technical characteristics significantly moderate therapeutic
efficacy. Wu et al [34] found that end-effector robots
demonstrated superior effectiveness in improving upper limb
motor impairment compared to conventional rehabilitation

therapy (Hedges g=0.22; 95% CI 0.09-0.36, I2=35.4%),
potentially attributable to their multijoint coordination training
mechanism [52]. Moggio et al [40] further compared device
types and revealed that exoskeleton devices showed advantages
in enhancing overall hand function and reducing disability,
while the end-effector device demonstrated better performance
in specific motor control. The selection of training modes is
equally crucial for achieving functional gains. Wu et al [34]
confirmed that unilateral robot training demonstrated clear
efficacy, whereas the advantages of bilateral training and
combined unilateral-bilateral training regimens remain

unsubstantiated [34,38]. Yang et al [16] emphasized that training
modes requiring active patient participation are essential for
achieving improvements in ADL.

Integration of Secondary Outcomes
When comprehensively evaluating the effects of RAT on
poststroke upper limb function, changes in muscle strength, as
one of the core indicators at the ICF body functions level, hold
significant clinical reference value. This umbrella review
synthesizing relevant meta-analyses found that robotic therapy
demonstrates a positive trend in improving muscle strength,
though the strength of evidence remains limited. For instance,
the analysis by Zhao et al [41] indicated that the upper limb
strength in the RAT group was significantly greater than in the

control group (SMD=0.42, 95% CI 0.07-0.78, I2=4%), a finding
consistent with the results reported by Johansen et al [21]

(SMD=0.43, 95% CI 0.16-0.71, I2=46%). However, evidence
in this area shows inconsistency, as some studies found no
significant between-group differences (MD=0.51, 95% CI –0.06

to 1.09, I2=0%) [41]. This heterogeneity may stem from
differences in assessment tools, insufficient specificity of
training protocols for strength enhancement, and variations in
patients’ baseline levels.

Clinical Translation and Health Economic Perspectives
From a health economic perspective, the cost-effectiveness of
rehabilitation robotics still warrants careful evaluation.
Currently, the price range for such assistive robotic products
varies widely, ranging from US $9000 to US $100,000 [33,53].
Robot-assisted rehabilitation requires not only a high initial
investment but also involves relatively high system maintenance
and operational costs [54,55]. Notably, the ICF framework helps
explain the current cost-effectiveness challenges: the clinical
benefits are largely confined to the body functions level, with
limited impact on the activity level and virtually no high-quality
evidence regarding participation-level outcomes. Furthermore,
the implementation of robotic rehabilitation is influenced by
health care system disparities and cultural contexts [56]. The
high costs may pose significant barriers in resource-limited
settings, while cultural differences in technology acceptance
can affect patient engagement and treatment adherence [57].
Concurrently, the clinical benefits derived from robotic
rehabilitation by both patients and health care institutions remain
relatively limited, resulting in a cost-effectiveness ratio that has
not yet reached an ideal level [58].

Furthermore, patients’ attitudes toward RAT present a mixed
picture. Multiple studies indicate that participants perceive
robotic therapy as more precise and less invasive, and hold
higher expectations regarding treatment outcomes [59,60]. Such
positive perceptions may enhance clinical acceptance of the
technology. However, a considerable proportion of patients
express concerns about the risk of device malfunctions, with
some even mistakenly believing that robotic therapy has higher
error rates than conventional methods [60-62]. This crisis of
trust could significantly impact treatment adherence and
ultimately compromise therapeutic outcomes [63].

Currently, evidence regarding the ability of rehabilitation robots
to reduce overall health care costs remains insufficient, and their
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potential advantages in controlling medical expenditures require
further validation [64]. Considering multiple factors, including
equipment costs, patient acceptance, health care system
differences, and cultural contexts, the pathway for clinical
integration of robot-assisted rehabilitation still demands careful
planning. Future research should not only focus on more
rigorous economic evaluations but also address how to enhance
patient trust through technical transparency and improved
clinician-patient communication, while developing
implementation strategies adapted to diverse health care systems
and cultural environments, thereby ultimately improving the
cost-benefit profile.

Limitations and Future Directions
It should be noted that this umbrella review has several
limitations. First, although our synthesis approach accounted
for heterogeneity and bias, the inability to reanalyze individual
participant data from the primary studies limited a deeper
exploration of heterogeneity sources. Second, some included
meta-analyses contained methodological flaws or had missing
outcome data, factors that could affect the accuracy of the
conclusions. Additionally, as a secondary synthesis of existing
evidence, this review cannot circumvent potential biases inherent
in the evidence base, including possible publication bias (where
studies with positive results are more likely to be published)
and the fact that some primary studies may have received
commercial funding or involved conflicts of interest. Such
factors could compromise the objectivity of the evidence. Third,
the comprehensive cross-checking and deduplication of the
included systematic reviews and meta-analyses, which
themselves contain extensive references to indexed primary
studies, required immense and highly time-consuming effort
[65]. This posed a significant methodological challenge in the
implementation of this study.

Building on the ICF framework, we recommend several key
directions for future research. Future studies should prioritize

the investigation of participation level outcomes to fully
understand the technology's impact on patients’ lives.
Furthermore, research should explicitly target the transfer of
gains from body functions to activities and participation levels.
Future umbrella reviews could enhance the reliability of their
findings by expanding the literature search scope, strengthening
the assessment of bias risks in primary studies, and raising the
quality thresholds for included studies. In future research,
artificial intelligence technologies could be leveraged to further
optimize the identification and processing of literature overlap,
thereby enhancing both efficiency and accuracy.

These limitations suggest that the conclusions of this review
should be interpreted with due caution. However, despite these
limitations, our application of the ICF framework provides a
robust structure for understanding and advancing the field of
robot-assisted upper limb rehabilitation.

Conclusions
This umbrella review demonstrates that RAT serves as an
effective intervention for poststroke upper limb rehabilitation,
with the most robust and consistent evidence supporting its
efficacy in improving motor function, particularly demonstrating
clear benefits for patients in the chronic phase. However, its
therapeutic advantages are primarily concentrated in short-term
functional improvement, while long-term efficacy maintenance
remains insufficient, constituting a core bottleneck in current
clinical application. The therapeutic effect is significantly
modulated by robot type, training mode, and intervention
intensity. Future research should focus on developing stratified
and individualized treatment protocols based on patient injury
characteristics, rehabilitation stage, and device features, and
conduct cross–health care system health economic evaluations
to advance the clinical translation of precision rehabilitation
technologies.
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