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Objective: Evaluate the effect of end-effector robot training on lower limb
motor function and balance in stroke patients.

Methods: Systematically reviewed the randomized controlled trials (RCTs) up to
December 2025. Included studies compared end-effector robot training with
conventional therapy for lower limb function and balance in stroke patients.
Used PEDro scale and RevMan 5.4 software for meta-analysis.

Results: Sixteen RCTs with 789 patients showed significant improvements in
lower limb motor function (FAC score, FMA-L score, LOMWT speed) and balance
function (BBS score) with end-effector robot training. No significant difference
in 6BMWT distance between groups.

Conclusion: End-effector robot training may enhance lower limb motor function
and balance in stroke patients, but its effect on 6MWT distance is uncertain.
Further research needed on training effectiveness and long-term mechanisms.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/view/
CRD420251009019, CRD420251009019.
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1 Introduction

Stroke, a highly disabling neurological disease, has five characteristics: high incidence,
high recurrence rate, high disability rate, high mortality rate, and high economic burden (1,
2). It often leads to sudden neurological dysfunction, of which lower limb motor dysfunction
(such as limb paralysis and hemiplegia) and the accompanying balance dysfunction are among
the most common sequelae (3-5). These dysfunctions not only seriously affect patients’
walking ability and independence in daily life but also significantly reduce their quality of life
and physical and mental health (6). The balance function is a key predictor of the risk of falls
(7). Therefore, effectively improving lower limb motor function and restoring balance ability
are the core goals of stroke rehabilitation (8).

Traditional rehabilitation strategies rely on intensive, repetitive, task-oriented gait training
(9-11), aiming to reduce nerve damage by restoring muscle strength and improving motor
coordination and control (6). However, the therapeutic effect is not ideal due to the limitations
of difficulty in precisely controlling training parameters (such as stride length and pace) (12),
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the large physical consumption of therapists limiting the training
intensity (13), and the difficulty for patients to reach the effective
training threshold of cardiopulmonary function (14).

Robot-assisted gait training (RAGT) provides a new way to
overcome these difficulties and can provide high-intensity, repetitive,
parameter-controllable task-oriented training (13, 14). In RAGT
equipment, the end-effector robot is an important subtype. Its core
feature is that it directly acts on the distal end of the limb (foot) and
accurately guides the movement trajectory of the lower limb through
the pedal of the foot. This equipment only fixes the patient’s foot on
the foot pedal, allowing the hip and knee joints to move freely
(different from the rigid connection of the exoskeleton), and the
physiological gait cycle is realized through foot trajectory control
(15). This distal drive mechanism not only provides stable and
quantitative motion support, significantly reducing the burden on
therapists (16), but also enhances proprioceptive and kinesthetic
feedback through “destabilization training” (7). This is fundamentally
different from the exoskeleton robot mechanism driven by the
proximal end.

At present, some researchers at home and abroad have conducted
relevant research on end-effector training, Hwang et al. confirmed that
the end-effector gait robot can immediately strengthen the lower limb
muscle strength through the neuroplasticity mechanism and that 5 min
of nonweight-bearing training can significantly improve the isometric
peak torque of the knee flexor and extensor muscles while reducing
real-time electromyographic activity (17). The results of Tian Fei et al.
revealed that the end-effector lower limb robot combined with high-
frequency rTMS can synergistically improve walking ability and
balance function, and the scores of the functional walking scale (FAC)
and Berg balance scale (BBS) in the combined group were significantly
better than those in the single intervention group (18). Lee et al. noted
that the end-effector robot is better than the exoskeleton in improving
participation in upper limb activities, especially in patients with
moderate to severe stroke in the chronic phase, and the Wolf motor
function test-functional ability score (WMFT-FAS) and the Stroke
Impact Scale-Social Participation (SIS-Participation) score were
significantly improved (19). However, no study has systematically
explored the heterogeneity of the efficacy of end-effector robots in
improving lower limb motor function (such as walking ability and joint
activity control) and balance function for different patients with
heterogeneous characteristics (age, course of disease) and intervention
parameters (cycle, single duration, frequency).

Therefore, this study aims to evaluate the effect of end-effector
robot training on improving lower limb motor function and balance
function in stroke patients via a systematic review and meta-analysis
to provide an evidence-based basis for clinical decision-making.

TABLE 1 PICO framework.

P (Population) | (Intervention)

10.3389/fneur.2025.1752104

2 Materials and methods

This study followed the requirements of the PRISMA writing
guide for meta-analysis in the selection and use of research methods
and has been registered in the International Prospective Register of
Systematic Reviews, with the registration number CRD420251009019
(Table 1).

2.1 Searching strategy

Two researchers independently searched PubMed, Web of
Science, EMBASE, CNKI, Wanfang Data, and VIP. The search time
limit was from the establishment of the database to December 2025.
Additionally, the references of the included studies were manually
searched to ensure that no important literature was overlooked. The
literature search strategy is shown in Table 2.

2.2 Inclusion and exclusion criteria

The inclusion criteria were as follows: @ The study subjects were
>18 years old and were confirmed to have stroke after examination.
Patients diagnosed with stroke (ischemic or hemorrhagic) were not
limited by age, sex, or disease course but needed to have lower limb
motor dysfunction or impaired balance function. @ The experimental
group received lower limb rehabilitation training assisted by
end-effector robots (including but not limited to gait training, balance
training, etc.), combined with or without conventional rehabilitation
treatment; the control group received conventional rehabilitation
treatment (such as physical therapy, occupational therapy, etc.),
excluding robot training. ® The outcome indicators included lower
limb motor function: functional ambulation category scale (FAC),
Fugl-Meyer Assessment-lower extremity (FMA-L), 10-m maximum
walking speed (10MWS), and 6-min walk test (6MWT); balance
function: Berg balance scale (BBS); @ The study type was RCT; and ®
The language type was Chinese and English.

The exclusion criteria were as follows: @ repeated publications; @
experimental data could not be calculated or extracted; ® in addition
to end-effector robot training, the intervention measures of the
experimental group also included other intervention methods that
may significantly affect the results (such as special drugs and other
types of robots); @ the intervention measures did not meet the
definition of end-effector robot training, or the outcome indicators
considered in this study were not reported; and ® the full text could

C (Comparison) O (Outcomes)

Adults (>18 years) with confirmed
stroke (ischemic/hemorrhagic), lower
limb motor dysfunction or balance
impairment; covering acute/ subacute/
chronic phases (inpatient/outpatient);
excluding severe comorbidities affecting

lower limb/balance function.

End-effector robot-assisted lower limb
rehabilitation training (distal-driven,
foot-fixed, hip/knee-free) conventional
rehabilitation (gait/balance training
included).

Conventional rehabilitation therapy
(physical/occupational/balance training,
etc.) without any robot-assisted
intervention (end-effector/exoskeleton

robots excluded).

Primary: FMA-L, FAC (lower limb
motor function), BBS (balance

function); Secondary: 10MW'T, 6MW T
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TABLE 2 The literature search strategy.

Database Search strategy

PubMed

(((lower limb[Title/ Abstract] OR lower extremity[Title/Abstract] OR balance[Title/Abstract] OR motor function[Title/Abstract] OR lower extremity
function[Title/Abstract] OR walk|[Title/ Abstract] OR limb function[Title/Abstract] OR balance function[Title/Abstract]) AND (stroke[Title/ Abstract] OR
apoplexy[Title/ Abstract] OR cerebrovascular accident[Title/ Abstract] OR cerebrovascular apoplexy[Title/Abstract] OR brain vascular accident[Title/
Abstract] OR cerebrovascular stroke[Title/Abstract] OR cerebral stroke[Title/Abstract] OR acute stroke[Title/ Abstract] OR acute cerebrovascular
accident[Title/Abstract])) AND (rehabilitation robot[Title/Abstract] OR End-effect robot[Title/Abstract] OR robot[Title/Abstract] OR End-driven
robot[Title/Abstract] OR balance training robot[Title/Abstract] OR gait trainer[Title/Abstract] OR robot-assisted gait[Title/Abstract])) AND
(randomized|Title/ Abstract] OR controlled[Title/ Abstract] OR trial[Title/ Abstract] OR crossover|Title/ Abstract])

Web of

Science

TS = ((((lower limb OR lower extremity OR balance OR motor function OR lower extremity function OR walk OR limb function OR balance function)
AND (stroke OR apoplexy OR cerebrovascular accident OR cerebrovascular apoplexy OR brain vascular accident OR cerebrovascular stroke OR cerebral
stroke OR acute stroke OR acute cerebrovascular accident)) AND (rehabilitation robot OR End-effect robot OR robot OR End-driven robot OR balance
training robot OR gait trainer OR robot-assisted gait

)) AND (randomized OR controlled OR trial OR crossover))

EMbase

(‘rehabilitation robot’:ab,ti OR ‘end-effect robot’:ab,ti OR robot:ab,ti OR ‘end-driven robot":ab,ti OR ‘balance training robot:ab,ti OR ‘gait trainer’:ab,ti OR
‘robot-assisted gait’:ab,ti) AND (‘lower limb":ab,ti OR ‘lower extremity’:ab,ti OR balance:ab,ti OR ‘motor function’:ab,ti OR ‘lower extremity function:ab,ti
OR walk:ab,ti OR ‘limb function’:ab,ti OR ‘balance function’ab,ti) AND (stroke:ab,ti OR apoplexy:ab,ti OR ‘cerebrovascular accident’:ab,ti OR
‘cerebrovascular apoplexy’:ab,ti OR ‘brain vascular accident’:ab,ti OR ‘cerebrovascular stroke’:ab,ti OR ‘cerebral stroke’:ab,ti OR ‘acute stroke’:ab,ti OR ‘acute

cerebrovascular accident’:ab,ti) AND (randomized:ab,ti OR controlled:ab,ti OR trial:ab,ti OR crossover:ab,ti)

CNKI

TS = (M + Py + BB I0E + FEIHEE + 1736 + AR INRE + P DhaE) AND TS = (4 + s + oh XU+ i LA 8 40 -+ 00 KL/ o R + g e G +
SV + SIS A AND TS = (BEE LA A + HLEEA + RIHATHLE N + R IRELE A + PEIIZHLE A + DU + HLEs il
BEE)

Wangfang,
VIP

TS = (FEZORFHEORIZENIIALOR T LIBEORITEOR A AATIAEOR FETIAE) AND TS = (FXiZ< OR {RiiE OR X ORI EZIMOR FrIMEFIX,
ORAiF X ORZMEFNORZIHEIMEFZIMNAND TS = (FEHZEAOR HEEA OR FKiHHITHEEA OR FKIHIKEITLESA OR )12 A OR £

528 OR MBS NEHENER)

not be obtained. ® The study subjects had other serious diseases that
may have affected lower limb function or balance (such as fractures,
arthritis, Parkinson’s disease, etc.).

2.3 Literature screening and data extraction

Two researchers independently screened the literature and
extracted the data. If there was any disagreement, it was resolved
through discussion or consultation with a third party. The literature
screening was first performed according to the title and abstract to
exclude the literature that obviously did not meet the inclusion
criteria; then, the full text was read for rescreening, and finally, the
literature included in the analysis was determined. The following
information was extracted via a predesigned standardized data
extraction form: first author, year of publication, country, sample size,
baseline characteristics of patients (age, sex, course of disease, stroke
type), details of intervention measures (training frequency, duration,
etc.), control group intervention measures, outcome indicators and
their measurement time points, main result data, etc.

2.4 Literature quality evaluation

For the literature quality assessment, the Physiotherapy Evidence
Database (PEDro) scale was adopted to evaluate the methodological
quality of the included studies (20). The PEDro scale consists of 11
items, namely: inclusion criteria, random allocation, allocation
concealment, baseline comparability, blinding of participants, blinding
of therapists, blinding of assessors, follow-up rate > 85%,

Frontiers in Neurology

intention-to-treat analysis, between-group statistical analysis, and
reporting of effect sizes and measures of variability. Each item was
scored based on its fulfillment status, with 1 point assigned for
meeting the criterion and 0 points for failing to meet it or when
relevant information was unclear. The total score ranges from 0 to 10,
and studies were categorized into four tiers according to their total
scores: high quality (9-10 points), moderate-to-high quality (6-8
points), satisfactory quality (4-5 points), and low quality (< 4 points).

In addition, the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) system was used to rate the
quality of evidence for the outcome measures (20), which classifies
evidence quality into four levels: high, moderate, low, and very low.
Two independent researchers conducted the quality assessment in
accordance with the evaluation criteria. Any discrepancies were
resolved through discussion with a third researcher until a consensus
was reached.

2.5 Statistical analysis

Heterogeneity tests were performed on the sample sizes of
outcome measures and the mean and standard deviation of
improvement values before and after intervention across the included
studies using RevMan 5.4.1 software. For continuous variables, if the
original studies reported means and standard deviations, the mean
difference (MD) or standard mean difference (SMD) with their
corresponding 95% confidence intervals (CIs) were calculated. In
cases where the original studies only provided medians, interquartile
ranges, or value ranges, the optimized correction formula proposed
by Shi et al. was adopted (21).

frontiersin.org


https://doi.org/10.3389/fneur.2025.1752104
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Lou et al.

Heterogeneity was assessed using the p-value and I” statistic. A
result of p < 0.01 and I* > 50% indicated the presence of significant
heterogeneity across studies, in which case a random-effects model
was applied. Conversely, the absence of significant heterogeneity
warranted the use of a fixed-effects model. In addition, Stata 17.0
software was employed to generate funnel plots for examining the
publication bias of outcome measures.

2.6 Handling of multiple follow-up time
points and multi-arm trials

2.6.1 Multiple follow-up time points

To assess the direct therapeutic effect of end-effector robot
training, follow-up data within 1 week post-intervention were
prioritized to avoid interference from subsequent interventions. For
studies with multiple immediate follow-up time points (e.g., 1, 3,
7 days), the mean merging method was used. Long-term follow-up
data were excluded due to insufficient sample size (n = 112) and
potential confounding factors. Sensitivity analysis confirmed stable
results after excluding studies with 7-day follow-up data (FMA-L:
MD =4.12, 95%CI=3.05~5.19, p <0.001; BBS: MD =5.1,
95%CI = 1.02 ~ 9.60, p = 0.016).

2.6.2 Multi arm trials

Two included RCTs were multi-arm trials. Only data from the
“end-effector robot training group” and “pure conventional
rehabilitation group” were extracted, excluding mixed intervention
arms. Control group data were used once to avoid duplicate
calculation. Heterogeneity did not increase significantly after
inclusion (FMA-L: I*: 55% — 57%, p = 0.008). Sensitivity analysis
showed reliable results after excluding multi-arm trials (FAC:
MD = 0.68, 95%CI = 0.57 ~ 0.79, p < 0.001; I0MWT: SMD = 0.38,
95%CI = 0.11 ~ 0.65, p = 0.006).

3 Results
3.1 Literature search results

An initial search yielded 3,621 studies (2,850 in English and 771
in Chinese). After removing 1,123 duplicate studies using EndNote,
2,498 studies were left for title and abstract screening. 2,420 studies
were excluded due to irrelevance. A full-text assessment was
conducted on the remaining 78 studies, and 62 were further excluded:
21 for inconsistent outcome measures, 4 for inapplicable intervention
14 for
non-randomized controlled trials, 4 for mismatched populations, and
4 for duplicate published data. Ultimately, 16 RCTs (involving 789
patients) were included (see Figure 1).

methods, 10 for unextractable outcome measures,

3.2 Literature quality evaluation

The 16 studies (22-37) included in this study were all RCTs.
The PEDro scale score ranged from 6 to 8 points, and the overall
quality of the included studies was good. All the literature (22-37)
met the requirements of random allocation and baseline similarity,
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Identification of studies via databases and registers
—
c Records identified from:(n =3621 )
V 1 =
2 R}Z‘;ﬁsﬁ 1::; ;7(1; 1970) Records removed before screening:
i ooy 5| Duplicate records removed (n=
€ Embase (1=528) > )
t CNKI(n=247) -
§ Wangfang(n=391)
VIP(=133)
— l
Records excluded for not directly
reened:(n =2 —
Records screened:(n =2498 ) relevant: (a1 =2420)
Reports excluded:(n=62)
Reports sought for retrieval Outcome indicators do not match:(n-
o (0="18) A
% Intervention methods not
o applicable:(n=4)
5 l Outcome measures could not be
2 extracted:(n=10)
Reports assessed for eligibility N.O 11.-rai1domlzed controlled
@=16) mal.(n—_14)
Populations do not match:(n=9)
Republished data:(n=4)
—
2
T Studies included in review
=l
S n=16)
=
FIGURE 1
Screening flow chart.

the patient participation rate was >85%, and the intention-to-treat
analysis, intergroup statistical results analysis, point measurement,
and difference value reporting were implemented. Among them, 8
studies (22-25, 28, 31, 35, 36) reported allocation concealment,
and 2 studies (33, 35) implemented blinding on the result
evaluators; however, none of the studies implemented blinding on
the therapists and subjects. During the study selection process, two
independent reviewers conducted the literature screening. The
Cohen’s kappa coeflicient was 0.83, indicating a high level of inter-
rater consistency. The mean PEDro score across all included
6.6, which demonstrated that the
methodological quality of the included studies was moderate to
high (see Table 3).

studies was overall

3.3 Basic characteristics of included studies

This paper including 6 English studies and 10 Chinese studies,
involving a total of 789 subjects, including 400 in the experimental
group and 389 in the control group. The publication years of the
included studies ranged from 2013 to 2023. The intervention method
of the experimental group in all included studies was end-effector
robot training, and that of the control group was conventional
rehabilitation; in the included studies, the intervention cycle was
2--12 weeks, and the intervention frequency was 1-2 times a day. The
intervention time ranged from 15 to 30 min. The basic characteristics
of the included studies are shown in Table 4.
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TABLE 3 Literature quality evaluation.

10.3389/fneur.2025.1752104

Lee et al. (2023) (35) v v v v v v v v v 8
Hesse et al. (2012) (37) v v v v v v v 6
Ochi et al. (2015) (33) v v 4 v v v v v 7
Pournajaf et al. (2023) (32) v v v v v v v 6
Miyagawa et al. (2023) (34) v v v v v v v 6
Kim et al. (2019) (36) v v v v v v v v 7
Ding W] et al. (2014) (22) v v v v v v v v 7
Luo Y etal. (2014) (23) v/ v v v v v v v 7
Luo Y etal. (2015) (24) v v v v v v v v 7
Meng ZX et al. (2013) (25) 4 v v v v v v v 7
Tian QY et al. (2016) (26) v/ v v v v v v 6
Wang XL et al. (2022) (27) v v v v v v v 6
Xi XC et al. (2014) (28) v v v v v v v v 7
Zhang H et al. (2015) (29) v v v v v v v 6
Zhang XB et al. (2013) (30) v v v v v v v 6
ZhuJZ et al. (2021) (31) v v v v v v v v 7

1. Eligibility criteria; 2. allocation of randomization; 3. concealed allocation; 4. similarity baseline; 5. subject blinding; 6. therapist blinding; 7. assessor blinding; 8. more than 85% retention; 9.
intention-to-treat analysis; 10. between-group comparisons; 11. point and variability measures. TS, total score.

3.4 Meta-analysis

For the BBS, FAC, FMA-L, and 6MW'T, MD was used to calculate
the effect size, since a consistent assessment tool was adopted across
all included studies. In contrast, for the 10MWT, the SMD was
selected for statistical analysis, as there was no consensus on the
assessment scales employed in the relevant studies.

All outcome indicators use positive effect values to indicate the
superiority of the end-effector robot training group over the
conventional rehabilitation control group. Compared with the control
group, End-effector robot training significantly improved the BBS
score (MD =5.24, 95% CIL 1.10~9.38, p=0.01), FAC score
(MD =0.70, 95% CI: 0.60 ~0.79, p<0.001), FMA-L score
(MD = 4.06, 95% CI: 3.08 ~ 5.03, p <0.001) and I0MWT score
(SMD = 0.40, 95% CI: 0.14 ~ 0.670, p = 0.002) of stroke patients.
However, the improvement in the 6 MW score (MD = 22.92, 95%
CL: —38.98 ~ 84.42, p=0.47) was not significant (see Table 5;
Figures 2-6).

3.5 Sensitivity analysis

In this study, the leave-one-out method was used to exclude
individual studies in the BBS, FMA-L, and IOMWT studies one by
one to assess the impact of these studies on the overall results. After
excluding the study by Wang Xiaoling et al., the combined effect of
the BBS score was MD = 4.01 (95% CI: 1.46 ~ 6.57, p = 0.002), and
the heterogeneity decreased from 96 to 85% (p < 0.05). After
excluding other studies, the range of the combined effect was
5.12 ~ 6.07, and the range of 12 was 93% ~ 97% (p < 0.05). The reason
for the heterogeneity may be that Wang Xiaoling’s study used pelvic
belt control to directly strengthen core stability, whereas “standing

Frontiers in Neurology

without support/bending over to pick up objects” and other items in
the BBS score highly depend on the ability to control the pelvis.

After excluding the study of Ding Wenjuan et al., the combined
effect of the FMA-L score was MD =4.32 (95% CI: 3.42 ~ 5.23,
P <0.001), and I” decreased from 57 to 49% (p < 0.05). The results of
excluding the studies of 10MWT scores one by one revealed that the
I? values did not change significantly and remained at the same level.
This indicates that the results of the meta-analysis are relatively stable
and have not been affected by a single study (see Table 6).

3.6 Subgroup analysis

Given the limited number of included studies on the 10MWT, this
study only conducted exploratory subgroup analyses of the outcome
measures of BBS and FMA-L with high heterogeneity. The subgrouping
factors included age, disease duration, intervention cycle, single-
session intervention duration, and training frequency. The purpose of
these analyses was to generate hypotheses for subsequent research
rather than verify definitive conclusions. All subgroup analyses were
unplanned exploratory analyses, and the statistical results exhibited
certain heterogeneity, warranting cautious interpretation.

3.6.1 BBS subgroup analysis

3.6.1.1 Age subgroup

For patients aged < 65 years (7 studies, n = 284), heterogeneity
was low (I> =7%), with a mean difference (MD) of 5.41 (95%
confidence interval [CI]: 4.03-6.08, p < 0.00001). For patients aged >
65 years (4 studies, n =190), extremely high heterogeneity was
observed (I> = 99%), with an MD of 6.03 (95% CI: —2.80-14.86,
P <0.0001), indicating insufficient stability of the results.
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TABLE 4 Basic characteristics of the studies.

Included Country n (T/C) Gender (male/female)/n Age (T/C)/year Duration of disease (T/C) Interventions | Intervention Tools for
literature T c (T/C) duration assessment
Zhang XB et al. China 17/17 12/5 10/7 55.47 +13.61 55.65 + 13.20 52.71+21.12days = 53.76 + 21.12 days a+b/a 30 min each time, ®
(2013) (30) once a day, 6 days a

week, a total of

4 weeks
Zhang H et al. China 35/35 652+ 4.6 1.9 + 0.8 months a+b/a 30 min each time, ®
(2015) (29) once a day, 7 times a

week, a total of

4 weeks
Meng ZX et al. China 30/30 57.3+10.2 56.5+11.6 <4 weeks a+b/a 15-20 min each time, (06}
(2013) (25) 2 times a day, 6 times

a week, a total of

12 weeks
Luo Y etal. China 17/18 62.56 + 4.56 62.12+4.11 6.06 £ 1.57 months | 6.41 + 1.66 months a+b/a 30 min each time, 10 [06)
(2014) (23) times a week, a total of

12 weeks
Ding W] et al. China 20/20 13/7 14/6 62.5+9.38 61.5+£9.97 2—6 weeks a+b/a 30 min each time, (006
(2014) (22) once a day, 5 days a

week, a total of

8 weeks
Tian QY et al. China 50/50 50.2+ 8.4 19.1 + 6.4 days a+Db/a 30 min each time, (0@
(2016) (26) once a day, 5d/week, a

total of 6 weeks
Wang XL et al. China 40/40 24/16 27/13 64.18 +5.12 63.57 £ 4.91 <1 year a+b/a 30 min each time, ®®
(2022) (27) once a day, 5 days a

week, a total of

12 weeks
XiXCetal. China 24/21 542+7.1 53.8+6.9 a+b/a 45 min each time, (006}
(2014) (28) once a day, 7 times a

week, a total of

8 weeks
ZhuJZ et al. China 21/18 13/8 11/7 52.24 +8.93 51.33 £9.66 41.86 +£10.21 days = 44.00 + 12.36 days a+b/a 20 min each time, [06)
(2021) (31) once a day, 6 days a

week, a total of

4 weeks

(Continued)
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TABLE 4 (Continued)

Included Country n (T/C) Gender (male/female)/n Age (T/C)/year Duration of disease (T/C) Interventions | Intervention Tools for
literature T c (T/C) duration assessment
Luo Yetal China 20/20 10/10 10/10 63.5+ 4.0 62.7 £4.0 5.9 + 1.4 weeks 6.7 + 1.7 weeks a+b/a 30 min each time, [006)
(2015) (24) once a day, 5 days a

week, a total of

12 weeks
Kim etal. (2019) = Korea 25/23 20/5 13/10 57.7+12.9 60.4+£13.2 2.0 + 2.4 months 2.6 + 3.1 months a+b/a 30 min each time, 5 Q@
(36) times a week, a total of

3 weeks
Ochi et al. Japan 13/13 9/4 11/2 61.8+75 65.5+12.1 22.9 + 7.4 days 26.1 + 8.0 days a+b/a 20 min each time, 5 @
(2015) (33) times a week; a total of

4 weeks
Hesse et al. Germany 15/15 9/6 9/6 63.7+9.4 66.4+11.9 5.7 + 2.3 weeks 5.1+ 1.6 weeks a+b/a 15-20 min/time, 5 ®
(2012) (37) times/week, a total of

4 weeks
Lee et al. (2023) Korea 26/23 15/11 11/12 63.04 + 15.69 64.78 + 12.81 0.93 + 0.69 months | 0.91 + 0.71 months a+b/a 30 min each time, 5
(35) times a week, a total of

4 weeks
Pournajaf et al. Ttaly 30/28 18/12 18/10 58.03 + 14.34 63.39 + 12.85 48 + 44 days 58.46 + 43.24 days a+Db/a 30 min each time, 3-5
(2023) (32) times a week, a total of

4 weeks
Miyagawa et al. Japan 17/18 65.1+12.9 63.0+12.9 a+b/a 30 min each time, 5 @O
(2023) (34) times a week, a total of

24 weeks

T, experimental group; C, control group. a, conventional rehabilitation; b, terminal execution robot training; —, not reported. ®: BBS; @: FAC; ®: FMA-L; @: 10MWS; ®: 6MWT.
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TABLE 5 Meta-analysis results of the effects of end-effector robot training on lower limb function and balance function in stroke patients.

Outcome indicator Studies included

Meta analysis

MD/SMD (95%Cl) p value
BBS 11 (571) 96 5.240 (1.100, 9.380) 0.010
FAC 9 (436) 0 0.700 (0.600, 0.790) <0.001
FMA-L 12 (618) 57 4,060 (3.080, 5.030) <0.001
10MWT 5(230) 0 0.400 (0.140, 0.670) 0.002
6MWT 2(93) 77 22.920 (—38.980, 84.420) 0.470

3.6.1.2 Disease duration subgroup

For patients with a disease duration of < 3 months (9 studies,
n = 456), heterogeneity was high (I* = 85%), with an MD of 3.72 (95%
CI: 0.84-6.50, p =0.009). For patients in the chronic phase with a
disease duration of > 3 months (2 studies, n = 115), extremely high
heterogeneity was detected (I = 97%), with an MD of 10.97 (95% CL:
1.66-20.28, p = 0.02). These findings suggest the potential for balance
function improvement in chronic-phase patients; however, the small
sample size and significant heterogeneity necessitate further validation.

3.6.1.3 Intervention cycle subgroup

For interventions lasting > 4 weeks (6 studies, n = 340), extremely
high heterogeneity was noted (I* = 95%), with an MD of 7.00 (95% CI:
2.33-11.67, p = 0.003). For interventions lasting < 4 weeks (5 studies,
n = 231), heterogeneity was moderate (I* = 72%), with an MD of 2.40
(95% CI: —1.20-6.22, p = 0.19). These results preliminarily indicate
that prolonged intervention cycles may be more conducive to balance
function improvement, but the impact of heterogeneity should be
taken into account.

3.6.1.4 Single-session intervention duration subgroup

For sessions of > 30 min (9 studies, n = 472), extremely high
heterogeneity was observed (I* = 97%), with an MD of 5.46 (95% CIL:
0.62-10.30, p = 0.03). For sessions of < 30 min (2 studies, n = 99),
heterogeneity was low (I = 27%), with an MD of 3.98 (95% CI: 0.87-
7.09, p = 0.01). Both subgroups demonstrated positive effects, yet no
clear trend of difference was identified between them.

3.6.1.5 Training frequency subgroup

For high-frequency training (> 5 sessions/week, 3 studies,
n = 119), no significant heterogeneity was found (I* = 0%), with an
MD of 6.15 (95% CI: 4.17-8.13, p < 0.00001). For training with < 5
sessions/week (8 studies, n = 387), extremely high heterogeneity was
detected (I* =97%), with an MD of 5.71 (95% CI: 4.85-6.57,
p <0.0001). High-frequency training may present advantages;
however, the small number of included studies calls for cautious
inference (see Table 7).

3.6.2 FMA-L subgroup analysis

3.6.2.1 Age subgroup

For patients aged <65 years (8 studies, n =393), moderate
heterogeneity was observed (I* = 57%), with a mean difference (MD)
of 4.64 (95% confidence interval [CI]: 3.89-5.39, p < 0.00001). For
patients aged > 65 years (4 studies, n = 225), the heterogeneity was
also moderate (I* = 65%), with an MD of 4.15 (95% CI: 3.23-5.08,
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P <0.00001). The effect sizes of the two subgroups were comparable,
indicating no distinct age-related differences.

3.6.2.2 Disease duration subgroup

For patients with a disease duration of <3 months (10 studies,
n = 503), moderate heterogeneity existed (I* = 53%), with an MD of
4.37 (95% CI: 3.70-5.04, p <0.0001). For patients with a disease
duration of > 3 months (2 studies, n = 115), high heterogeneity was
detected (I* =84%), with an MD of 4.67 (95% CI: 3.51-5.84,
p <0.0001). No clear trend was identified regarding the impact of
disease duration on lower limb motor function improvement.

3.6.2.3 Intervention cycle subgroup

For interventions lasting > 4 weeks (5 studies, n =218), no
significant heterogeneity was found (I* = 0%), with an MD of 3.19
(95% CI: 1.75-4.62, p < 0.0001). For short-term interventions lasting
< 4 weeks (7 studies, n = 400), moderate heterogeneity was noted
(I = 68%), with an MD of 4.69 (95% CI: 4.06-5.33, p < 0.00001).
These results preliminarily suggest that short-term intensive training
may be more targeted for the recovery of lower limb motor function,
but further validation is required.

3.6.2.4 Single-session intervention duration subgroup

For sessions of <30 min (11 studies, n =573), moderate
heterogeneity was observed (I* = 56%), with an MD of 4.28 (95% CIL:
3.67-4.90, p < 0.00001). Only one study was included in the > 30-min
subgroup (n = 45), with an MD of 6.10 (95% CI: 4.15-8.05). No
reliable conclusions could be drawn due to the limited sample size. A
preliminary observation indicated that training sessions of < 30 min
had good consistency and might be more suitable for short-term
intensive scenarios.

3.6.2.5 Training frequency subgroup

For training with < 5 sessions/week (6 studies, n = 335), moderate
heterogeneity existed (I* = 62%), with an MD of 4.44 (95% CI: 3.65-
5.22, p < 0.00001). For high-frequency training with > 5 sessions/week
(6 studies, n = 283), the heterogeneity was also moderate (I* = 59%),
with an MD of 4.46 (95% CI: 3.29-5.33, p < 0.0001). The effect sizes
of the two subgroups were nearly identical, showing no frequency-
related advantages (see Table 8).

3.7 Publication bias analysis

Because the IOMWT and 6MWT included too few studies, only
the publication bias test was performed on the BBS, FAM-L, and
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Heterogeneity. Chi*= 6.50, df=8 (P = 0.59); F= 0%
Testfor overall effect Z=14.62 (P < 0.00001)

FIGURE 3
Forest plot of FAC.

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random,95%Cl IV, Random, 95% CI
Daichi Miyagawa2023 13 14 17 26 27 18 103% -1.30(271,0.11) -
Ding\Wenjuan2014 157 1054 20 1265 969 20 84%  305[322,932 ]
JaYoung Kim2019 143 164 25 96 148 23 70% 470[413,1359) N
Junekyung Lee2023 225 2203 26 1922 2193 23 54%  3.28(9.051561)
LuoYang2014 1874 389 17 1259 426 18 98%  6.15(3.45,8.8§ -
LuoYang2015 22 472 20 184 345 20 100%  360[1.04,6.16) =
Mengzhaoxiang2013 2257 667 30 1987 609 30 98%  270[053 593 T
TianQiangyuan2016 1874 389 50 1259 426 50 102%  6.15(4.55,7.79) =k
WangXiaoling2022 5089 368 40 3524 337 40 10.2% 15.65(14.10,17.20) ==
KiXiangchao2014 1107 715 24 478 615 21 95%  6.29(2.40,10.18) -
Zhudianzhou2021 186 73 21 1265 66 18 93%  5.95(1.58,10.31) -
Total (95% Cl) 290 281 100.0%  5.24[1.10,9.38] ‘
Heterogeneity. Tau"= 43.01; Chi*= 260.38, df= 10 (P < 0.00001); P= 96% F R N T T
Testfor overal effect Z= 248 (= 0.01) Favours [control] Favours [experimental]

FIGURE 2
Forest plot of BBS.

Experimental Control Mean Difference Mean Difference
Study or Subgroup Mean _SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
DingWenjuan2014 29 083 20 235093 20 29% 055(0.001.10] —
JaYoung Kim2019 113 25 08131 23 16% 020(054,09) -
Junekyung Lee2023 239 10 26 144104 23 24% 095(0.35,1.55) -
LuoYang2015 115 084 20 05 067 20 39% 065[0.181.12) -
Mitsuhiro Ochi2015 2074 13 1074 13 27% 1.00[043,157) L
SanazPounajaf2023 171 311 30 029 381 28 03% 142(041,329)
Stefan Hesse2012 24 12 15 12 12 15 12% 1.20(0.34,2.06]
TianQiangyuan2016 299 103 50 246 087 50 6.2% 053(0.16,0.90) -
Kiiangchao2014 129 02 24 058 016 21 78.7% 0.70(0.589,0.81) l
Total (95% CI) 223 213 100.0% 0.7010.60,0.79]

2040 1
Favours [control] Favours [experimental]

FAC. Egger’s test revealed that there was no obvious publication bias
in BBS (|t| = 1.82, p > 0.05) or FAM-L (|t| =0.89, p > 0.05). FAC
(|t| = 3.74, p < 0.05) and Egger’s test results revealed publication bias
(see Figures 7-9).

3.8 Quality assessment of evidence
The GRADEPro software indicates that the quality of evidence for

lower extremity motor function is low, and for balance function, it is
moderate (see Table 9).
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4 Discussion

The present study demonstrated that end-effector robotic training
may exert a positive effect on improving lower limb function in
patients with stroke. Specifically, regarding balance function, the MD
of the BBS score was 5.24 (95% confidence interval [CI]: 1.10-9.38,
p =0.01). This magnitude of improvement exceeded the minimal
clinically important difference (MCID =4 points) of the scale,
suggesting potential clinical significance (38). For lower limb motor
function, the pooled MD of the Fugl-Meyer Assessment of FMA-L
score reached 4.06 (95% CI: 3.08-5.03, p < 0.00001). The FAC score
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Testfor overall efiect 2= 311(P=0002)

FIGURE 5
Forest plot of 10MWT.

Experimental Control Mean Difference Mean Difference
Study or Subgroup  Mean _ SD_Total Mean SD_Total Weight IV, Random, 95% Cl IV, Random, 95% CI
DingWenjuan2014 935 464 20 895 606 20 56%  0.40[294,3.74) S
Junekyung Lee2023 757 774 26 552 839 23 36%  2.05(-2.49,659] —
LuoYang2014 785 312 17 526 291 18 98%  250(0.59,4.59) —
LuoYang2015 1294 324 20 10 309 20 100%  2.94(0.98, 4.90) —
Mengzhaoxiang2013  13.07 284 30 75 349 30 117%  557(4.027.12) —
Mitsuhiro Ochi2015 B 825 13 4 659 13 25%  200[3.74,7.74]
TianQiangyuan2016 1269 315 50 7.82 295 50 133%  4.87(367,6.07) —_
Wangiiaoling2022 2107 334 40 1533 32 40 123%  574(431,747) ——
Xiiangchao2014 865 373 24 255 293 21 100%  6.10([4.158.09) —
ZhangHong2015 1096 567 35 72450 35 82%  376[1.34,6.19) ——
Zhangiihin2013 1076 566 17 524 52 17 50%  552[1.87,9.17)
Zhudianzhou2021 781 429 21 578 373 18 79% 2031049, 455 N B
Total (95% Cl) 313 305 100.0%  4.06[3.08,5.03] L 4
Heterogeneity. Tau? = 1.43; Chi*= 25,53, df= 11 (P = 0.008); = 67% pr + 5 : a
Testhor overall efict 2=8.15 (P «0.00001) Favours [control) Favours [experimental)

FIGURE 4
Forest plot of FMA-L.

Experimental Control Std, Mean Difference St Mean Difference
_Studyor Subgroup  Mean S0 Tofal Mean SD Total Weight IV, Fixed, 95% Cl IV, Fixed, 99% CI
DaichiMiyagawa2023 206 116 17 139 117 18 182%  056}012,1.24) T
JaYoung Kim2013 2000 04062 23 264% 0420015089 T
JnekngLee2023 03 032 26 (20 025 23 262%  0.31(0.26,087 T
LuoYang2015 083 03 0 07803% 20 No: esfimatle
SanzPoumajafl2023 04 04 30 C14 051 28 302%  056(004 1.09) —
Total (99%Cl) % 02 1000% 04607, 0.75] ’
Helerogenslly, Ch= 054, df= 3 (P= 091} = 0% — —

el P13 450 05

Favours conrol) - Favours [Bxperimental

increased by 0.70 grades (95% CI: 0.60-0.79), and a significant
improvement was also observed in the IOMWT speed (SMD = 0.40,
95% CI: 0.14-0.67). These findings are consistent with certain research
trends in the field of neurorehabilitation (39, 40); however, the impact
of inter-study heterogeneity should be noted.

From the perspective of the underlying mechanism, the potential
therapeutic efficacy of end-effector robots may be associated with the
following factors. First, their unique plantar pressure feedback system
can dynamically adjust the patient’s center of gravity displacement in real
time. This closed-loop sensory input may play a role in reconstructing
the neural pathways for balance control. A study by Inoue et al
confirmed that this feedback mechanism can significantly enhance the
neural adaptability of postural adjustments (7). Second, the precise and
repetitive gait training provided by robots may help reconstruct motor
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programs. Tomida et al. indicated that such training can optimize short-
distance gait parameters (41), which may partially explain the
improvements in FAC and 10MWT observed in this study. Third,
compared with conventional training, robot-assisted training enables
higher-intensity repetitive practice, which may exert a positive effect on
promoting functional reorganization of the motor cortex in the brain.

4.1 Effects of end-effector robotic training
on balance function

This potential advantage may stem from its unique sensory
feedback mechanism: the end-effector device regulates center of gravity
displacement in real time via plantar pressure, thereby enhancing the
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TABLE 6 Results of the sensitivity analysis of the meta-analysis of the BBS, FMA-L, and 10MWT scores.

Outcome indicator Exclusion of studies MD/SMD 95%Cl p value 1%
BBS Miyagawa (2023) (34) 6.070 2.420,9.720 0.001 93
Kim (2019) (36) 5.280 0.960, 9.610 0.020 97
Lee (2023) (35) 5.360 1.080, 9.630 0.010 97
Ding W] (2014) (22) 5.440 1.080, 9.810 0.010 97
Meng ZX (2013) (25) 5510 1.030, 10.000 0.020 9%
Xi XC (2014) (28) 5.130 0.670, 9.590 0.020 97
Zhu JZ (2021) (31) 5.170 0.730, 9.600 0.020 97
Wang XL (2022) (27) 4010 1.460, 6.570 0.0020 85
Tian QY (2016) (26) 5.120 0.140, 10.100 0.040 97
Luo Y (2014) 5.130 0.550, 9.720 0.030 97
Luo Y (2015) 5.410 0.830, 10.000 0.020 97
FMA-L Lee (2023) (35) 4.130 3.130,5.130 <0.001 59
Ochi (2015) 4.100 3.110,5.100 <0.001 60
Ding WJ (2014) (22) 4320 3.420,5.230 <0.001 49
Meng ZX (2013) (25) 3.840 2.780,4.910 <0.001 57
Xi XC (2014) (28) 3.840 2.820, 4.860 <0.001 56
Zhang XB (2015) (29) 3.970 2.940, 4.990 <0.001 60
Zhang H (2013) (30) 4.060 3.010,5.120 <0.001 60
Zhu JZ (2021) (31) 4.260 3.280,5.230 <0.001 54
Wang XL (2022) (27) 3.820 2.780, 4.860 <0.001 54
Tian QY (2016) (26) 3.880 2.740, 5.020 <0.001 60
Luo Y (2014) 4240 3.230,5.240 <0.001 54
Luo Y (2015) 4.180 3.150,5.210 <0.001 57
10MWT Miyagawa (2023) (34) 0.120 0.010, 0.230 0.030 25
Kim (2019) (36) 0.110 0.010, 0.220 0.040 37
Lee (2023) (35) 0.140 —0.010, 0.290 0.060 54
Pournajaf (2023) (32) 0.080 —0.040, 0.200 0.200 41
Luo Y (2015) 0.150 0.020, 0.280 0.030 51
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TABLE 7 Subgroup analysis of the BBS.

Subgroup factors Subgroup Studies included Meta-analysis results
classification (sample size) MD/SMD (95%Cl) P Value
Age <65 years 7 (284) 7 5.41 (4.03, 6.08) <0.00001
>65 years 4 (190) 99 6.03 (—2.80, 14.86) <0.00001
Disease duration <3 months 9 (456) 85 3.72 (0.84, 6.50) 0.009
>3 months 2 (115) 97 10.97 (1.66, 20.28) 0.02
Intervention cycle >4 weeks 6 (340) 95 7.00 (2.33,11.67) 0.003
<4 weeks 5(231) 72 2.40 (—1.20, 6.22) 0.19
Single-session >30 min 9 (472) 97 5.46 (0.62, 10.30) 0.03
Intervention duration <30 min 2(99) 27 3.98 (0.87,7.09) 0.01
Frequency >5 times/week 3(119) 0 6.15(4.17,812) <0.00001
<5 times/week 8(387) 97 5.71 (4.85, 6.57) <0.00001

TABLE 8 Subgroup analysis of FMA-L.

Subgroup factors Subgroup Studies included /% Meta-analysis results
classification (sample size)
o MD/SMD (95%Cl) p value
Age <65 years 8(393) 57 4.64 (3.89,5.39) <0.00001
>65 years 4(225) 65 4.15(3.23,5.08) <0.00001
Disease duration <3 months 10 (503) 53 4.37 (370, 5.04) <0.00001
>3 months 2 (115) 84 4.67 (3.51,5.84) <0.00001
Intervention cycle >4 weeks 5(218) 0 319 (175,4.62) <0.0001
<4 weeks 7 (400) 68 4.69 (406, 5 33) <0.00001
Single-session >30 min 11 (573) 56 4.28 (3.67, 4.90) <0.00001
Intervention duration <30 min 1 (45) 6.10 (4.15, 8.05)
Frequency >5 times/week 6 (335) 62 4.44 (3.65,5.22) <0.00001
<5 times/week 6(283) 59 4.46 (3.29, 5.33) <0.00001
BBS FMA-L
o4 o 4
N4 o~
] ' ] :
o .
7] 'Yy
4 . ,. - ° .
. .
. e 2
- 4 o - 4
1 0 1 2 3 4 [ 1 15 2
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Pseudo 95% CI @ Studies Pseudo 95% CI @ Studies
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FIGURE 7 FIGURE 8
Funnel plot of potential publication bias of BBS. Funnel plot of potential publication bias of FMA-L.

neural adaptability of postural adjustments (42). Subgroup analysis  hypothesis—i.e., within a certain range, training efficacy may increase

revealed that in terms of training parameters, high-dose training (>5  with the elevation of training dose. These results align with the
sessions/week for > 4 weeks) appeared to yield significantly superior ~ fundamental principles of neurorehabilitation, which emphasize that a
outcomes compared with low-dose regimens (MD = 7.00 vs. 2.40). This  sufficient training volume is a prerequisite for inducing neuroplasticity

finding provides partial support for the “dose-dependent effect”  (43). In terms of patient characteristics, patients in the chronic phase
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TABLE 9 Grade evidence quality grading of major outcome indicators.

10.3389/fneur.2025.1752104

Outcome Included Assessment of evidence quality Quality
measures studies . . - . of
Study Inconsistency Indirectness  Imprecision  Bias of AvREREE
bias publication

Lower limb motor function 16 Serious Not serious Not serious Not serious Serious Low
Function of balance 11 Serious Not serious Not serious Not serious Not serious Moderate

(disease duration > 3 months) may exhibit greater improvement

potential (MD =10.97 vs. MD = 3.72 in the < 3 months group). This 3 FAC

phenomenon may reflect differences in neural remodeling mechanisms

across different disease stages: recovery in the acute phase mainly relies -

on edema resolution and local blood flow improvement, whereas 3

functional recovery in the chronic phase is more dependent on central =1 ‘

compensation and transhemispheric reorganization (44). Notably, in a 2". [ o° ol

study by Wang et al., pelvic belt reinforcement was used to enhance core - < o

stability. After excluding this study, heterogeneity decreased significantly '

from 96 to 85%, indicating that pelvic control ability may be a crucial wf . ) — .

factor influencing BBS scores (27). This finding provides important ° ! Vshrit 2 1

implications for clinical practice: integrating core stability interventions Psoudo 5% Cl_® Studies

into robotic training may produce a synergistic effect. Additional studies Extranind O

have shown that the recovery of balance function during inpatient FIGURE 9

rehabilitation is a core indicator for predicting the achievement of Funnel plot of potential publication bias of FAC.

unassisted walking in patients (45). Research has demonstrated that

robotic devices can assist patients in completing high-intensity and
repetitive gait training tasks, stimulate the vestibular and proprioceptive
systems during training, induce changes in muscle mass, and further
potentially affect balance and lower limb function, thereby improving
neuroplasticity and functional recovery in patients (42, 46). Therefore,
end-effector robotic training may serve as a viable rehabilitation option
for patients with balance dysfunction, but its application should be
comprehensively considered based on clinical practice.

4.2 Effects of end-effector robotic training
on lower limb motor function

Age was found to exert a certain trend of influence: patients aged
<65 years may achieve more significant benefits (MD = 4.64 vs.
MD = 4.15 in the > 65 years group). This result is consistent with the
findings of Wall et al., who reported that younger patients generally
exhibit higher rates of motor function recovery after stroke (47).
Possible explanations include stronger neuroplastic potential, fewer
comorbidities, and better training tolerance in younger patients (48).
In terms of training protocols, short-term intensive training (<
4 weeks) appeared to demonstrate more prominent efficacy
(MD = 4.69 vs. MD = 3.19 in the > 4 weeks group), which may reflect
the rapid activation of neural adaptation in the early stage of training
(49, 50). Interestingly, however, differences in training frequency (> 5
sessions/week vs. < 5 sessions/week) did not lead to significant
differentiation in effect sizes (MD = 4.46 vs. 4.44), suggesting that
frequency may not be an independent influencing factor, or that a
“ceiling effect” exists—i.e., beyond a certain threshold, increasing
training frequency may fail to yield additional benefits.

Studies have indicated that lower limb function in patients can be
improved through gait training (51, 52), which is consistent with the
results of the present study. However, it should be noted that no
statistically significant difference was observed between the two
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groups in the 6SMWTT, an indicator of walking endurance (MD = 22.92,
95% CI: —38.98-84.42, p = 0.47). Moreover, this outcome measure was
based on data from only 2 trials, indicating limited evidence strength.
This result may suggest that end-effector training has certain
limitations in improving endurance-based walking capacity. A deeper
analysis of the underlying reasons is as follows. On the one hand, the
intensity of existing training protocols may be insufficient: studies
have shown that the average intensity of end-effector training only
reaches 45% of peak oxygen uptake, which is insufficient to effectively
improve aerobic endurance (53). On the other hand, the kinematic
limitations of such devices (e.g., inhibition of coronal plane pelvic
movement) may affect the natural adaptability of gait (54).
Additionally, studies have found a delay of approximately 120 ms in
the activation of the medial gastrocnemius (55); this deficit in
neuromuscular coordination may weaken propulsion efficiency and
further limit endurance performance. A meta-analysis by Tedla et al.
indicated that robot-assisted training is significantly superior to
conventional therapy in improving gait symmetry (16). Studies have
pointed out that leg muscle strength is a key factor affecting walking
speed (56). Meanwhile, Hwang et al. confirmed that end-effector
robots can enhance muscle strength while protecting muscles through
weight-bearing-free training with 100% guidance force (17). However,
compared with exoskeleton robots, end-effector devices may be
slightly inferior in improving walking endurance. A study by Hu et al.
showed that patients achieved more significant improvements in
6MWT after exoskeleton robotic training (39), which may be
attributed to the more comprehensive limb support provided by
exoskeletons. It should be noted that potential uncertainty may exist
in the classification of robot types in the present study, which may also
affect the analysis results of relevant outcomes. Therefore, although
end-effector robots may help improve walking speed and functional
ambulation ability in patients, their efficacy in enhancing endurance
is suboptimal. In clinical practice, rehabilitation programs should be

frontiersin.org


https://doi.org/10.3389/fneur.2025.1752104
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Lou et al.

selected comprehensively based on the specific needs of patients,
device characteristics, and potential classification limitations.

4.3 Sensitivity analysis and robustness
evaluation of results

To verify the reliability of the study results, systematic sensitivity
analyses were performed. For BBS scores, after excluding the study by
Wang et al., the pooled effect size remained significant (MD = 4.01,
95% CI: 1.46-6.57), and heterogeneity decreased significantly,
confirming that pelvic control interventions may introduce special
confounding factors. FMA-L scores exhibited good stability: after
excluding any individual study, the effect size ranged from 3.82 to 4.32,
indicating low sensitivity. The I* of I0OMWTT fluctuated between 25 and
54% after excluding each study, with no significant changes, suggesting
that this result has good reproducibility. However, it should be noted
that high heterogeneity persists in the overall study, which may affect
the robustness of the results.

4 4 Limitations and future directions

First, there is substantial methodological heterogeneity:
differences exist in training protocols (e.g., single-session duration,
total course of treatment) and robot models used in included studies,
which may affect the reliability of the results. Second, direct
neurophysiological evidence (e.g., electromyography, functional
magnetic resonance imaging data) is lacking to clarify the intrinsic
mechanisms underlying functional improvements. Third, due to the
limitations of original data, more refined subgroup analyses (e.g., by
stroke severity or robot type) could not be performed. In addition,
some outcome measures (e.g., 6MWT) were based on a limited
number of trials (only 2), resulting in insufficient evidence strength.
Fourth, none of the included studies tracked long-term efficacy (>
12 weeks), making it impossible to evaluate the sustainability of
treatment effects. Fifth, there may be a potential risk of misclassification
of robot types, which may affect the accuracy of the analysis results.

To address the existing limitations, future research should focus
on the following directions: (1) Conduct multicenter, large-sample
standardized randomized controlled trials (RCTs) with strict control
of training parameters to reduce heterogeneity; (2) Combine
neuroimaging and electrophysiological techniques to explore
therapeutic mechanisms in depth; (3) Develop precision training
protocols tailored to different clinical subgroups (e.g., different
severities and disease stages); (4) Perform long-term follow-up to
assess the maintenance of functional improvements; (5) Explore the
synergistic effects of robotic training combined with other
interventions (e.g., transcranial magnetic stimulation, biofeedback);
(6) Optimize the classification criteria for robot types to reduce the
impact of classification uncertainty on research results.

5 Conclusion

This GRADE systematic review (moderate-quality evidence for
balance, low-quality for lower limb motor function) preliminarily
concludes that end-effector robot-assisted training may improve
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stroke patients’ balance (with definitive clinical significance) and
lower limb motor function. Training efficacy is modulated by dosage
and patient characteristics; however, it has limited effect on walking
endurance, requiring combination with other therapies. Personalized
programs are recommended given the intervention’s strengths and
evidence limitations.
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