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Abstract

Background: Cerebral palsy (CP) is the leading cause of neurodevelopmental motor disability in children,
often resulting in impaired upper limb function. Although traditional interventions offer benefits, they are
limited by therapist dependence and poor adherence. Robot-assisted therapy (RAT) has emerged as a
promising alternative, providing repetitive and high-intensity training. However, its clinical efficacy,
particularly for upper limb rehabilitation in CP, remains inconclusive.

Methods: A systematic search was performed in eight electronic databases up to June 2025. Seven
randomized controlled trials (RCTs) involving 244 children with CP met the inclusion criteria. The risk of bias
was assessed using the Cochrane Risk of Bias 2.0 tool. Data were synthesized using both fixed-effects and
random-effects models, with effect sizes expressed as standardized mean differences (SMD) and 95%
confidence intervals (CI).

Results: RAT significantly improved fine motor function (SMD = 1.02, 95% CI: 0.56—1.48, P <0.0001),
consistent with a clinically meaningful effect. A positive trend was observed for ADL capacity (SMD = 0.65,
95% CI: 0.07-1.22, P = 0.03), although this finding was sensitive to the removal of individual studies. Due to
extreme heterogeneity (I = 96%), gross motor function results were not pooled across device types. Subgroup
analyses suggested that exoskeleton-based RAT may offer benefits for proximal motor recovery; however, this
finding is based on a single trial and should be considered hypothesis-generating. No significant improvements
were found in muscle strength (SMD = 0.34, P = 0.10) or real-world participation (SMD = 0.22, P = 0.56).

Conclusions: RAT produces a clinically meaningful improvement in fine motor function, with
preliminary evidence of benefit for ADL capacity. Its efficacy on gross motor function appears device-

dependent but requires confirmatory evidence, and effects on muscle strength and participation remain limited.



Trial Registration: This study was prospectively registered in the PROSPERO database (Registration No.
CRD42025645232).
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1.Introduction

Cerebral palsy (CP) is a neurodevelopmental disorder caused by brain injury occurring during the fetal,
neonatal, or early childhood period[1]. It represents the leading cause of neurological motor disability in
children[2]. Such brain injuries result in permanent impairments in movement and posture[2]. Recent
epidemiological data indicate that the global prevalence of CP ranges from 1.6%o to 3.4%o [3], underscoring its
importance as a major public health concern. Clinically, children with CP typically present with delayed gross
and fine motor development, impaired selective motor control, poor coordination, and abnormal postural and
movement patterns[4]. Based on clinical manifestations, CP can be classified into several subtypes, among
which the spastic type accounts for approximately 80% of all cases{5]. Children with spastic CP often
experience various motor impairments due to muscle spasticity, and approximately 50% exhibit more severe
upper limb dysfunction compared with lower limb involvement[6].

According to the conceptual framework of the International Classification of Functioning, Disability and
Health for Children and Youth (ICF-CY)[7], upper limb function in children can be categorized into three
domains: body functions and structures, activities (including capacity and performance), and participation. In
children with CP, upper limb impairments are not only influenced by positive motor symptoms such as
spasticity and abnormal muscle tone, but are also characterized by significant deficits in grasping, releasing,
and manipulating objects[8]. These impairments are particularly pronounced in children with unilateral
cerebral palsy (UCP), where motor dysfunctions extend beyond basic hand movements, leading to marked
difficulties in activities of daily living such as eating, dressing, and personal hygiene[9]. Consequently, these
children often experience lifelong challenges in fine motor execution and bimanual coordination. Limitations
in upper limb function further hinder learning, play, and social participation, ultimately reducing overall

quality of life and increasing caregiver burden [10].



Current motor learning theories suggest a positive correlation between motor function improvement and
the intensity or repetition of practice[10]. Modified constraint-induced movement therapy (mCIMT) and
bimanual intensive training (BIT) are currently the most widely applied physiotherapeutic approaches for
improving upper limb function in children with CP. Although these interventions have demonstrated clinical
benefits, their effectiveness is often limited by factors such as reliance on therapist expertise, variability in
treatment intensity, and poor long-term patient adherence [11].

Robot-assisted therapy (RAT), as an emerging rehabilitation technology, offers a promising alternative.
Currently, the robotic systems utilized in clinical neurorehabilitation predominantly fall into two distinct
biomechanical categories: end-effectors, which guide distal joint trajectories to improve manual dexterity, and
exoskeletons[12], which provide comprehensive proximal multi-joint support[13]. Both systems deliver high-
intensity, standardized, and repetitive training through programmable devices, enabling precise control of
movement parameters while incorporating biofeedback and gamified inteitaces tailored to children’s cognitive
characteristics[14-16]. These features not only enhance engagement and motivation but also improve treatment
compliance in pediatric populations. Previous studies have reported that robot-assisted interventions can
alleviate muscle spasticity, improve joint range of motion, and enhance both upper and lower limb motor
performance in children with CP[17, 18]. While these preliminary findings highlight the therapeutic potential
of RAT, its exact efficacy across different robotic device types and distinct upper limb functional domains
requires further rigorous validation.

Recently, two systematic reviews have specifically investigated the effects of RAT on upper limb
function in children with CP. Evidence synthesized by Cardone et al.[19] suggests that RAT contributes to the
improvement of upper limb movements and manual dexterity. While this review provided a valuable and
comprehensive overview, its inclusion of diverse study designs—such as case series and observational
studies—without a quantitative meta-analysis highlights an opportunity to further strengthen the evidence base
by focusing strictly on randomized controlled trials. Conversely, the meta-analysis conducted by de Souza
Pascoal et al.[20] demonstrated that RAT could enhance specific qualities of upper limb movement. Building
upon their foundational work, which synthesized data from four initial trials, there is now a need to expand the

overall evidence base across broader ICF domains, distinguish the specific clinical efficacy between end-



effector and exoskeleton devices, and explore whether clinic-based motor improvements successfully translate
into real-world participation as a distal secondary outcome.

To address previous methodological limitations, this meta-analysis strictly includes randomized
controlled trials (RCTs) to reliably evaluate the efficacy of RAT on upper limb function in children with CP.
Guided by the ICF-CY framework, our primary research question asks: Does RAT yield superior
improvements in motor capacity and participation compared to conventional or no treatment? Accordingly, we
designate fine motor function and ADL capacity as primary outcomes, with gross motor function, muscle
strength, and participation as secondary. We hypothesize that RAT significantly enhances fine motor skills and
ADLs, but that its overall efficacy relies heavily on the specific robotic device utilized. Ultimately, this study
seeks to provide evidence-based support for standardized clinical applications of RAT in pediatric
neurorehabilitation.

2. Methods

This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines and the recommendations of the
Cochrane Collaboration. The study protocol was prospectively registered in the PROSPERO database
(Registration No. CRD42025645232).

2.1 Search Strategy

To comprehensively evaluate the effects of RAT on upper limb motor function in children with CP, a
systematic search was performed in eight electronic databases: PubMed, Embase, Web of Science, CINAHL,

IEEE, Scopus, ProQuest, and the Cochrane Library. The search included all studies published up to June 20,
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2025. The search terms included “cerebral palsy,” “robot,” “upper limb,” and “children.” Detailed search
strategies for each database are presented in the Supplementary Materials (Table S1). To ensure the
completeness of the literature search, the reference lists of all included articles were also manually screened to
identify any additional eligible studies.

2.2 Study Selection

All retrieved records were managed using EndNote 20. 0 (Clarivate, Philadelphia, PA, USA). After

removing duplicates, two independent reviewers screened titles and abstracts for relevance, followed by full-



text assessment of potentially eligible studies. Discrepancies between reviewers were resolved through
discussion, and if consensus could not be reached, a third reviewer adjudicated the disagreement.

2.3 Inclusion Criteria

Studies were selected based on the PICOS framework (Population, Intervention, Comparison, Outcomes,
and Study design), and the inclusion criteria were as follows: (1) Population: Children aged 0—18 years
clinically diagnosed with CP, regardless of sex, ethnicity, CP subtype, or severity level. (2) Intervention: RAT
targeting upper limb function, including interventions using robotic devices alone or in combination with other
technologies such as virtual reality or gamified tasks. (3) Comparison: Control interventions without robotic
assistance, including no treatment, placebo, or standard therapy. (4) Outcomes: Primary outcomes included
upper limb fine motor function and activities of daily living (ADL) capacity; secondary outcomes included
upper limb gross motor function, muscle strength, and participation. (5) Study design: RCTs published in
English.

2.4 Data Extraction

Two reviewers independently extracted the following data from all included studies: author, year of
publication, country, study setting, study design, participant characteristics (e.g., CP subtype, age, sample size,
sex ratio), intervention details (RAT, conventional rehabilitation, or alternative interventions), and outcome
measures (fine and gross motor function of the upper limb, ADL capacity, upper limb muscle strength and
participation). When key data were missing, attempts were made to contact the original authors for additional
information. Any discrepancies in data extraction were resolved by discussion or, if necessary, through
consultation with a third reviewer.

2.5 Risk of Bias Assessment

The methodological quality and risk of bias of the included studies were assessed using the Cochrane
Risk of Bias 2.0 (ROB 2.0) tool, which evaluates five domains: randomization process, deviations from
intended interventions, missing outcome data, outcome measurement, and selective reporting. Each study was
rated as “low risk,” “high risk,” or “some concerns.” Two reviewers conducted the assessment independently,

and disagreements were resolved through discussion. In addition, the overall quality of evidence for each



outcome was graded using the GRADE (Grading of Recommendations Assessment, Development and
Evaluation) system as very low, low, moderate, or high[21].

2.6 Data Synthesis and Statistical Analysis

All statistical analyses were performed using Review Manager (RevMan) version 5.4 (Copenhagen: The
Nordic Cochrane Center, The Cochrane Collaboration, 2014). The pooled effect size was expressed as the
standardized mean difference (SMD) with 95% confidence intervals (CI). The magnitude of the overall effect
was interpreted according to Cohen’s criteria, where an SMD of 0.2 represents a small effect, 0.5 a moderate
effect, and 0.8 a large effect. When studies reported outcomes as medians and interquartile ranges (IQR) or
mean differences with exact p-values rather than means and standard deviations (SD), appropriate statistical
conversions were performed to estimate the pooled SD according to the guidelines provided in the Cochrane
Handbook for Systematic Reviews of Interventions[22].

Statistical heterogeneity across studies was assessed using the Chi-square test and quantified by the I?
statistic. Given the inherent clinical and methodological diversity of rehabilitation interventions for cerebral
palsy, a random-effects model was applied to all meta-analyses to provide a more conservative estimate of the
treatment effect. The overall significance of the pooled estimates was tested using the Z-statistic. To explore
potential sources of heterogeneity and evaluate specific clinical factors, a priori subgroup analyses were
planned based on: (1) the type of robotic device, and (2) the intervention modality. Additionally, meta-
regression analysis was planned to be conducted if 10 or more studies were included; however, if fewer than
10 studies were available, meta-regression would not be considered. Sensitivity analyses were conducted by
sequentially removing individual studies to evaluate the robustness of the combined results and the influence
of each study on the overall effect size.

3. Result

3.1 Search Results

A comprehensive search across eight electronic databases initially identified 1,634 records, including 195
from PubMed, 705 from Web of Science, 53 from CINAHL, 364 from EMBASE, 40 from IEEE, 99 from
Scopus, 104 from ProQuest, and 74 from the Cochrane Library. In addition, 41 records were identified through

other sources.



After removing 689 duplicates, 939 studies were excluded based on title and abstract screening due to
irrelevance to the research topic or population. The remaining 47 articles were retrieved for full-text review. Of
these, 40 were further excluded for the following reasons: non-RCT design (n = 23), no outcomes of interest (n
= 10), or the participants were not limited to CP (n = 7). Ultimately, seven studies met all eligibility criteria

and were included in the systematic review. The detailed study selection process is summarized in Figure 1.

INSERT FIG. 1 ABOUT HERE
3.2 Characteristics of Included Studies

A total of seven RCTs[23-29] were included in this review, involving 244 children with CP recruited
from India[26, 28], Egypt[24], Turkey[23], the United Kingdom[29], Belgium[25], and Switzerland[27].
Among them, 125 participants were assigned to the intervention groups and 119 to the control groups. All
studies were published between 2011 and 2025, and each adopted a single-blind design in which the
outcome assessors were blinded to group allocation.

The majority of the included trials (6/7) focused on children with spastic CP, whereas one study
(Hedel et al.[27]) did not specify the CP subtype. Participants’ ages ranged from 5 to 18 years, and the
Manual Ability Classification System (MACS) levels were predominantly within grades I-1V, except for
Gilliaux et al. (2015)[25], which included children across MACS I-V. The sample sizes of individual
studies varied from 15 participants (Preston et al.[29]) to 60 participants (Goswami et al.[26]).

The proportion of female participants ranged from 33.33% to 47.37%, with two studies not reporting
gender distribution (Gilliaux et al.[25]; Hedel et al.[27]). All included studies reported attrition rates
below 10%, suggesting good participant adherence and study feasibility. Detailed characteristics of the
included studies are summarized in Table 1.

3.3 Intervention Characteristics

The types of RAT devices and intervention protocols varied considerably across the included studies.
Device categories included end-effector robots, exoskeletons, and other robotic systems. Intervention
parameters ranged from 30—45 minutes per session, with a total of 12—144 training sessions, conducted 2—

7 times per week over an intervention period of 3—48 weeks. In three studies, RAT was combined with



conventional therapy (CT) or botulinum toxin (BT) injections (Goswami et al.[26], 2025; Preston et
al.[29], 2016; Gilliaux et al.[25], 2015), whereas the remaining studies applied RAT alone. All RAT
interventions incorporated gamified elements, such as virtual reality or computer-based games, to enhance
children’s engagement and motivation. Detailed intervention characteristics are summarized in Table 2.

3.4 Main Study Outcomes

The included studies employed a diverse range of assessment tools to evaluate upper limb function,
which were systematically categorized into primary and secondary domains.

Regarding the primary outcomes, fine motor function was evaluated across four trials. Significant
improvements in the RAT group were consistently reported by Peramalaiah et al. (2025), whereas Hedel
etal. (2011), Gilliaux et al. (2015), and Adar et al. (2024) observed positive therapeutic trends that did not
independently reach statistical significance. In terms of ADL capacity, the results were more varied;
although Gilliaux et al. (2015), Adar et al. (2024), and Preston ¢t al. (2016) all demonstrated positive
therapeutic trends using tools like the ABILHAND-Kids scale, none of the individual studies reported
statistically significant differences between groups independently.

With respect to secondary outcomes, the impact of RAT on gross motor function appeared to be
highly dependent on the type of robotic system utilized. El-Shamy et al. (2018), utilizing an exoskeleton
device, reported a massive significant improvement. Conversely, studies employing end-effector devices,
such as those by Adar et al. (2024) and Goswami et al. (2025), showed more moderate or non-significant
differences. Furthermore, no consistent statistical advantage for RAT over control interventions was
observed for muscle strength or real-world participation across the included studies.

In addition to evaluating the influence of robotic device types, we also examined the impact of the
intervention modality (RAT alone versus RAT combined with conventional therapy) across relevant
outcomes. Subgroup analyses consistently demonstrated that the therapeutic effects of RAT on fine motor
function, ADL capacity, and muscle strength did not significantly differ between standalone robotic
interventions and combinatory protocols. This indicates that the observed clinical benefits of RAT are

highly robust and not strictly dependent on the concurrent administration of conventional therapy.



Detailed outcomes and measurement tools, categorized by outcome type, are summarized in Table 3.
A comprehensive narrative summary of individual study findings is provided in Supplementary Table S3.

3.5 Risk of Bias and Evidence Quality

The risk of bias assessments for the seven included randomized controlled trials are presented in
Figure 2. Overall, four studies were rated as having a “low risk” of bias (EI-Shamy et al., 2018; Preston et
al., 2016; Gilliaux et al., 2015; and Goswami et al., 2025).

Adar et al. (2024) was judged to be at “high risk” of overall bias, primarily due to a high risk in the
domain of “selection of the reported result”. Additionally, two studies were classified as having “some
concerns”: Hedel et al. (2011) was downgraded due to concerns in selective reporting, while Peramalaiah
et al. (2025) presented concerns in both the randomization process and the measurement of the outcome.
Specifically, following peer review, the measurement of the outcome for both Adar et al. (2024) and
Peramalaiah et al. (2025) was re-evaluated as having “some coiicerns” due to the use of non-population-
specific assessment scales.

The overall quality of evidence for the outcome measures, assessed using the GRADE approach,
ranged from “moderate” to “very low” (see Supplementary Table S2). Specifically, the certainty of
evidence was “moderate” for upper limb muscle strength. The evidence for fine motor function, activities
of daily living (ADL) capacity, and real-world participation was rated as “low” due to serious concerns
regarding risk of bias and imprecision. Finally, the evidence quality for gross motor function was judged

as “very low” owing to very serious inconsistency and imprecision.

INSERT FIG. 2 ABOUT HERE
3.6 Sensitivity Analysis

To evaluate the robustness of our overall findings, a leave-one-out sensitivity analysis was
systematically performed by sequentially omitting one study at a time from the pooled meta-analyses.
For fine motor function, the sequential removal of any single study did not alter the high statistical

significance of the overall pooled effect, confirming the strong robustness of these results.



Conversely, for the primary outcome of ADL capacity, the sensitivity analysis revealed that the
pooled result is currently fragile. The initial overall significant improvement (P = 0.03) shifted to non-
significance upon the sequential removal of any single trial: omitting Adar et al. (2024) resulted in P =
0.08; omitting Gilliaux et al. (2015) yielded P = 0.10; and omitting Preston et al. (2016) led to a
borderline P = 0.05. This indicates that while RAT shows a positive trend for ADL improvement, the
statistical significance is highly dependent on the cumulative power of the currently limited number of
available trials. These results should therefore be interpreted with caution, highlighting the necessity for
larger future RCTs.

Regarding gross motor function, the extreme heterogeneity was confirmed to be entirely driven by
the single exoskeleton study (El-Shamy et al., 2018); its removal eliminated the heterogeneity but
rendered the remaining end-effector subgroup non-significant. This corifirins that the overall pooled
estimate is unreliable and that the gross motor findings should be interpreted at the subgroup level, with
the caveat that the exoskeleton subgroup contains only one trial.

4. Meta-Analysis

4.1 Primary Outcome Measures

4.1.1. Fine Motor Function

Four trials (Adar et al., 2024; Gilliaux et al., 2015; Hedel et al., 2011; Peramalaiah et al., 2025)
involving a total of 86 participants (44 in the experimental groups and 42 in the control groups) evaluated
the effect of RAT on fine upper limb motor function in children with CP.

The pooled analysis presented in the forest plot (Figure 3) demonstrated that the RAT group
demonstrated a large improvement in fine motor function compared with the control group, with an SMD
of 1.02 (95% CI: 0.56 to 1.48), and the overall effect was statistically highly significant (Z =4.38, P <
0.0001).

Furthermore, to address the potential influence of intervention modalities (a priori design), a
subgroup analysis was conducted comparing studies that utilized RAT as a standalone therapy (Adar et

al., 2024; Hedel et al., 2011; Peramalaiah et al., 2025) versus RAT combined with conventional therapy



(Gilliaux et al., 2015). Both subgroups demonstrated consistent positive effects. The test for subgroup
differences revealed no statistically significant discrepancy between the two modalities (Chi? = 0.00, df =
1, P=0.99). This finding suggests that RAT confers robust therapeutic benefits for fine motor recovery,
whether administered as an independent intervention or seamlessly integrated into a combined
rehabilitation protocol.

Heterogeneity analysis indicated no observable between-study heterogeneity, with Tau? = 0.00, Chi?
=0.14, df =3 (P = 0.99), and I> = 0%, suggesting a high degree of consistency across studies. This
consistency significantly strengthens the reliability of the pooled result. Several factors may explain this:
firstly, all included studies employed objective and standardized measures strictly targeting fine motor
skills and manual dexterity (e.g., BBT, PDMS-2 grasping), which minimizes measurement-related
variability. Secondly, despite variations in specific robotic devices, RAT programs share core
rehabilitation mechanisms—such as high-intensity, repetitive, and task-oriented practice—that precisely
improve hand-eye coordination and finger individuation, leading to stable positive effects across different

intervention protocols.

INSERT FIG. 3 ABOUT HERE
4.1.2. ADL Capacity

To strictly adhere to the ICF model and distinctively evaluate functional capacity, three randomized
controlled trials (Adar et al., 2024; Gilliaux et al., 2015; Preston et al., 2016) involving a total of 50
participants (25 in the experimental groups and 25 in the control groups) were included to assess the
effect of RAT on the capacity to perform upper limb activities of daily living (ADL) among children with
CP.

The pooled analysis presented in the forest plot (Figure 4) demonstrated that the RAT group exhibited a
moderate improvement in ADL capacity compared with the control group, with an SMD of 0.65 (95% CI:
0.07 to 1.22), and a statistically significant overall effect (Z = 2.22, P = 0.03). Although statistical
heterogeneity across these studies was minimal (Tau? = 0.00, Chi?> = 0.15, df =2, P =0.93, 12 = 0%), the

sensitivity analysis (see Section 3.6) revealed that the statistical significance of the pooled estimate was



fragile: it shifted to non-significance upon the sequential removal of any single trial. Consequently, while
the direction of effect is consistently positive, the current evidence for ADL improvement should be
interpreted with caution and regarded as preliminary rather than confirmatory.

Furthermore, an a priori subgroup analysis was conducted to compare the efficacy of RAT as a
standalone intervention (Adar et al., 2024) versus RAT combined with conventional therapy (Gilliaux et
al., 2015; Preston et al., 2016). Both subgroups demonstrated positive trends in improving ADL capacity.
The test for subgroup differences revealed no significant disparity between the intervention modalities
(Chi?=0.00, df =1, P = 0.98).

The observed benefits may be attributed to the fact that RAT, by intensively improving upper limb
motor control, facilitates the generalization of these motor gains into functional use during real-life tasks.
Collectively, the current evidence suggests that RAT may confer benefits {or the functional capacity to
perform daily upper limb activities in children with CP, although larger confirmatory trials are needed to

establish the reliability of this finding.

INSERT FIG. 4 ABOUT HERE
4.2 Secondary Outcomes

4.2.1 Gross Motor Function

Three trials (Adar et al., 2024; El-Shamy et al., 2018; Goswami et al., 2025) involving a total of 109
participants (54 in the experimental groups and 55 in the control groups) evaluated the effect of RAT on
gross upper limb motor function. Gilliaux et al. (2015) also employed the QUEST; however, this study
reported domain-specific subscores (dissociated movement, grasp, weight bearing, and protective
extension) rather than a composite gross motor score, and these data were therefore not amenable to
inclusion in the quantitative synthesis.

The overall between-study heterogeneity was extreme (Tau? = 6.87, Chi*> =48.66, df =2, P <
0.00001, I> = 96%), indicating that a single pooled estimate would be clinically uninterpretable.
Accordingly, the prespecified subgroup analysis by robotic device type (End-effector vs. Exoskeleton)

was prioritized over the overall synthesis.



This subgroup analysis revealed that device type accounted for nearly all the observed heterogeneity
(subgroup difference: Chi? =40.06, df =1, P <0.00001, I*> = 97.5%). The end-effector subgroup
comprised two studies (Adar et al., 2024; Goswami et al., 2025; n = 79) and demonstrated a moderate,
non-significant effect (SMD = 0.58, 95% CI: —0.44 to 1.60, P = 0.26; I> = 71%).

Notably, the exoskeleton subgroup contained only a single trial (El-Shamy et al., 2018; n = 30),
which independently reported an exceptionally large effect (SMD = 11.15, 95% CI: 8.04 to 14.26). Given
that this finding is driven entirely by one study with a modest sample size, it should be regarded as
hypothesis-generating rather than confirmatory, and the magnitude of the effect warrants cautious
interpretation pending independent replication.

These findings suggest that the efficacy of RAT on gross motor function may be device-dependent.
Exoskeleton devices—which provide antigravity support to proximal joints—-offer a plausible
biomechanical rationale for their potentially greater impact on gross motor movements compared with
end-effector devices, which primarily target distal joints. However, this hypothesis remains preliminary
and requires validation through future comparative trials specifically designed to test differential device

effects on gross motor outcomes.
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4.2.2 Muscle Strength

Three studies (Adar et al., 2024; Goswami et al., 2025; Hedel et al., 2011) involving 96 participants
(49 in the experimental groups and 47 in the control groups) were included in the analysis of upper limb
muscle strength. The pooled analysis (Figure 6) indicated that the RAT group did not demonstrate a
statistically significant improvement in muscle strength compared with controls, with an SMD of 0.34
(95% CI: -0.06 to 0.75; Z = 1.66, P = 0.10).

No heterogeneity was observed across studies (Tau? = 0.00, Chi? = 0.64, df =2, P =0.73, I? = 0%)),
suggesting a high degree of consistency. Furthermore, a subgroup analysis based on intervention modality
(RAT alone vs. RAT combined with conventional therapy) revealed no significant subgroup differences

(Chi? =0.56, df = 1, P = 0.45). These findings indicate that current evidence does not support a significant



advantage of RAT over conventional interventions in enhancing pure upper limb muscle strength in
children with CP.

This lack of effect may be attributed to the mechanistic focus of RAT on neural adaptation and
motor control rather than direct muscle strengthening. Robotic interventions are designed to drive
experience-dependent neuroplasticity through high-intensity, repetitive, task-oriented practice—a strategy
that is effective for improving motor coordination and skill acquisition[30]. However, substantial gains in
muscle strength typically require progressive resistance training with sufficient overload to induce
neuromuscular adaptations[31]. The protocols employed in the included RAT trials did not incorporate
the key elements of resistance training (e.g., progressive overload, high-load resistance), which may

explain the absence of significant strength improvements[32].
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4.2.3. Participation

To specifically address the domain of participation based on thic ICF model, as distinct from functional
capacity, two studies (Gilliaux et al., 2015; Preston et al., 2016) involving a total of 31 participants (16 in
the experimental groups and 15 in the contrc! groups) were included. These studies uniquely evaluated
true real-world involvement in life situations utilizing the Life Habits questionnaire and the COPM.

The pooled meta-analysis (Figure 7) revealed that RAT did not yield a statistically significant
improvement in real-world participation compared with the control interventions, with an SMD of 0.22
(95% CI: -0.52 to 0.97) and an overall effect that was not statistically significant (Z = 0.59, P = 0.56).
Heterogeneity between the two studies was minimal (Tau? = 0.02, Chi? = 1.08, df =1, P = 0.30, I> = 8%)),
indicating highly consistent findings despite the use of different assessment tools for participation.

These findings critically highlight the distinction between capacity and performance within the ICF
framework. Although our preceding analysis demonstrated that RAT significantly enhances the functional
capacity to perform ADLs (Section 4.1.2), the current evidence indicates that this increased motor
capacity does not automatically or directly translate into significantly greater involvement in real-world

daily activities and social participation. This conceptual gap suggests that while robotic therapy is



effective for motor and functional restoration, achieving true enhancements in societal participation may
necessitate additional, context-specific, or environmentally focused interventions beyond clinic-based

robotic training.

INSERT FIG. 7 ABOUT HERE
The comprehensive dataset extracted for all meta-analyses, including means, standard deviations, and

sample sizes across all outcome measures, is detailed in Supplementary Table S4.

S.Discussion

5.1 Principal Findings

This systematic review and meta-analysis indicate that robot-assisted therapy demonstrates varying
therapeutic effects across multiple domains in improving upper limb function in children with CP. Our
primary findings indicate that RAT provides a large and statistically robust improvement in fine motor
function (SMD = 1.02, 95% CI: 0.56—1.48). For ADL capacity, a moderaie positive effect was observed
(SMD = 0.65, 95% CI: 0.07-1.22); however, leave-one-out sensitivity analyses demonstrated that the
statistical significance of this finding is contingent on the inclusion of all three available trials, and the
pooled estimate should therefore be regarded as preliminary rather than confirmatory.

However, no statistically significant improvements were observed in upper limb muscle strength
(SMD= 0.34,95%CI: —0.06-0.75) or participation (SMD= 0.22,95%CI: —0.52-0.97) following RAT.
Regarding gross motor function, extreme heterogeneity (I = 96%) precluded a meaningful overall synthesis.
Subgroup analysis by device type indicated that the observed effects may be device-dependent; however,
the exoskeleton finding is based on a single trial (El-Shamy et al., 2018) with a modest sample size and
should therefore be interpreted as preliminary. While the biomechanical properties of exoskeletons—which
provide proximal antigravity support—offer a plausible explanation for the differential effects, replication
in larger comparative trials is needed before clinical recommendations can be made.

Overall, while RAT is a powerful tool for improving motor capacity and activity performance, its
impact on body structures (strength) and social participation remains less evident at this stage, with the

certainty of evidence ranging from moderate to very low according to the GRADE framework.



5.2 Clinical Significance of the Observed Effects

Beyond statistical significance, the clinical relevance of the observed improvements warrants careful
consideration. For fine motor function, the pooled SMD of 1.02 represents a large effect according to
Cohen's criteria. To further contextualize this finding, the Box and Block Test (BBT)—used in three of the
four included fine motor trials—has an established MCID of approximately 7 blocks in children with
unilateral CP, as determined by Liang et al.[33]. In the included studies, the mean BBT improvement in
RAT groups ranged from 3.2 to 5.5 blocks, approaching but not consistently surpassing this threshold at
the individual study level. However, the pooled large effect size (SMD = 1.02) with zero heterogeneity (I
= 0%) suggests that RAT produces a clinically meaningful improvement in manual dexterity when
considering the cumulative evidence.

For ADL capacity, the clinical interpretation is more constrained. Although the pooled SMD of 0.65
corresponds to a moderate effect, two important limitations preciude tirm conclusions regarding clinical
significance. First, the ABILHAND-Kids scale—the primary ADL measure across all three included
trials—Ilacks an established MCID for children with CP [34]. While smallest detectable change (SDC)
values ranging from 1.18 logits to 5.15 points have been reported across different language versions, these
thresholds reflect measurement error rather than clinical meaningfulness. Second, as discussed in Section
3.6, the pooled ADL estimiate is sensitive to individual study removal, further limiting confidence in the
clinical relevance of this finding.

More broadly, a critical gap exists in the pediatric CP literature: most commonly used upper limb
assessment tools—including the QUEST, PDMS-2, and FMA-UE in pediatric populations—Ilack validated
MCID thresholds. This absence represents a significant barrier to translating statistically significant
findings into clinically actionable recommendations. Future research should prioritize the establishment of
CP-specific MCIDs for these instruments to enable more rigorous evaluation of intervention efficacy.

5.3 Comparison with Existing Literature

The significant improvements in fine motor function and ADL capacity observed in this study align

with the broader consensus that RAT is a powerful means of driving neural plasticity.[35, 36]. Theoretical



and empirical research from adult stroke populations has long demonstrated that robot-assisted therapy
facilitates repetitive, task-specific training during both the acute and chronic phases[35, 36]. Such
interventions have been shown to provide high-intensity exercise training with reduced therapist
supervision[37], while, when used in combination with adjunctive therapies such as botulinum toxin
injections, they can synergistically reduce spasticity and enhance functional outcomes[38]. In pediatric
neurorchabilitation, the feasibility of these principles was first evidenced by the pilot work of Krebs et
al.[39], and subsequently expanded by Qiu et al[40], who demonstrated that specialized robotic programs
can effectively address functional deficits in children with CP.

Our meta-analysis further refines this evidence base by providing a high-level quantitative synthesis
that builds upon the qualitative observations of Cardone et al. [19]. While Cardone’s review suggested
general benefits for manual dexterity, our study strictly utilizes RCT data to confirm that these gains are
statistically significant in strictly controlled pediatric populations. Compared to the earlier meta-analysis
by de Souza Pascoal et al. [20], which incorporated only four trials, our inclusion of seven recent RCTs
offers a more robust estimation of effect sizes across the ICF "Activity" domain.

However, regarding the translation of motor capacity into actual performance, the study reached a
crucially different conclusion. Unlike some previous reports that broadly claimed success in RAT, our
analysis clearly identified a significant “gap” in engagement levels (P=0.55). This finding corroborates the
observations of Gilliaux et al. [25], suggesting that improved motor capacity (ADL) in a clinical setting
does not inherently guarantee improved social participation.

5.4 Mechanistic Insights into RAT

The clinical improvement in fine motor function (SMD = 1.02) and ADL capacity (SMD = 0.65) may
be attributed to experience-dependent neuroplasticity as one potential mechanism. This process follows the
fundamental principle of synaptic plasticity as described by Hebbian theory: repeated task-specific
stimulation strengthens synaptic connections, promoting functional reorganization and structural
remodeling of neural pathways[41]. RAT systems provide the high-dosage, task-specific repetitions

required to cross the threshold for cortical remapping and synaptic strengthening via long-term potentiation



(LTP) [42, 43]. Neuroimaging studies indicate that robot-assisted rehabilitation training induces enhanced
cortical activation and improved functional connectivity, accompanied by alterations in the excitability of
the corticospinal tract[30]. Singhal et al.[44] used MRI-compatible hand robots combined with diffusion
tensor imaging to discover that eight weeks of hand training increased the number of corticospinal tract
fibers in chronic stroke patients. Newly generated fibers extended toward the motor cortex, and the
thickness of the ventral central posterior gyrus significantly increased.

Meanwhile, multisensory biofeedback further optimizes this neurophysiological process. By
integrating visual, auditory, and proprioceptive signals, the RAT system provides rich multimodal feedback
for motor learning, facilitating the formation and refinement of internal models[45]. Research indicates that
combining auditory biofeedback with visual feedback significantly enhances subjects' formation of internal
models for myoelectric prosthetic hand control tasks, yielding superior resuits compared to visual feedback
alone[45]. Multimodal feedback strategies enhance sensorimotor integration, improve closed-loop control
of motor planning and execution, and promote precise recruitment of motor units[46]. Current research
evidence indicates that robotic interventions, often combined with neuromodulation or virtual reality
technologies, can catalyze neuroplasticity processes in ways consistent with clinically meaningful
improvements. This offers translational potential for personalized, multimodal treatment strategies in the
rehabilitation[30].

The preliminary observation that exoskeleton-based RAT may yield greater improvements in gross
motor function is mechanistically plausible, given that exoskeletons feature joint designs aligned with
human anatomy and enable independent torque control[47]. Unlike end effectors that primarily guide hand
movement trajectories, exoskeletons actively counteract gravity to provide segmental stability, which may
be particularly beneficial for proximal motor recovery in children with spastic CP[12, 48].

The lack of significant improvement in participation (P=0.55) highlights the persistent "capacity-
performance gap" within the framework of ICF[49]. Although RAT can enhance maximum functional
potential in controlled settings, the transition to real-world social habits is largely modulated by

environmental and individual factors.[50].



5.5 Heterogeneity

The key finding of this study is the remarkable statistical consistency observed in fine motor function,
ADL capacity, and muscle strength (I =0% for all). For fine motor function, this absence of heterogeneity,
combined with our sensitivity analysis, confirms that the positive therapeutic effects on manual dexterity
are highly robust and generalizable across the diverse protocols utilized in the included trials. However, for
ADL capacity, despite the low statistical heterogeneity, our leave-one-out sensitivity analysis revealed that
the overall significance is currently fragile and heavily reliant on the cumulative power of a few small-scale
trials. From a clinical perspective, this implies that while RAT is a reliable tool for enhancing fine motor
dexterity in children within MACS levels I-III, its consistent translation into broader functional ADL
capacity still requires validation from larger cohorts, regardless of specific session durations or concurrent
therapies.

Conversely, the extreme heterogeneity in gross motor outcomes (12 =96%) was definitively isolated to
the robotic device type. Our subgroup analysis indicates that RAT platforms are consistently effective for
distal fine motor tasks, whereas gross motor gains appear to be device-dependent. However, as the
exoskeleton subgroup comprised only a singie trial, this observation should be considered provisional.
While these findings offer preliminary insights for device selection, the observed "participation gap"
(P=0.55) suggests that functional gains in a clinical setting may require additional environmental integration
to manifest as social participation.

Beyond device type and intervention modality, several additional sources of clinical heterogeneity
warrant consideration, including the considerable variation in treatment duration (ranging from 3 to 48
weeks) and session frequency (2—7 sessions per week) across the included trials. However, it is noteworthy
that for the primary outcomes of fine motor function and ADL capacity—as well as for muscle strength—
the observed statistical heterogeneity was zero (I = 0%), despite this underlying protocol diversity. This
indicates that the treatment effect sizes were remarkably consistent across studies, and that variations in
treatment duration or frequency did not introduce meaningful bias into the pooled estimates. For gross

motor function, the extreme heterogeneity (I*> = 96%) was fully explained by device type rather than by



treatment duration, as confirmed by the prespecified subgroup analysis. Nevertheless, the relatively small
number of included RCTs precluded formal meta-regression or further subgroup stratification by these
protocol-level variables, and their potential moderating effects should be examined in future trials with
larger and more homogeneous samples.

5.6 Limitations

While this meta-analysis provides valuable insights, several methodological constraints must be
considered. The primary limitation stems from the relatively small number of included RCTs (n = 7) and
the modest total sample size (N = 244). This constraint inherently restricts the statistical power to detect
more subtle therapeutic effects and limits the generalizability of the findings across the diverse spectrum of
CP subtypes. Consequently, the certainty of evidence for several outcomes remains “moderate” to “very
low,” primarily reflecting concerns regarding imprecision and the risk of bias observed in certain primary
studies. This limitation is particularly evident in the ADL capacity analysis, where leave-one-out sensitivity
analyses revealed that the pooled statistical significance was contingent on the inclusion of all three
available trials, shifting to non-significance upon the removal of any single study.

Beyond the quantitative constraints, the absence of longitudinal follow-up data exceeding six months
across most trials precludes 2 definitive assessment regarding the sustainability of the observed functional
gains. It is also noteworthy that the lack of standardization in assessment sensitivity—specifically the use
of adult-validated scales like the FMA and CUE in pediatric populations—Tlikely introduces measurement
noise that complicates the comparability of outcomes across studies. Although some studies[23, 28, 51]
have applied these tools to assess pediatric populations with cerebral palsy, their clinical validity and
responsiveness for this specific group have not yet been fully established. The potential ceiling effects and
reduced sensitivity of these instruments in pediatric cohorts highlight the critical necessity for adopting
ICF-aligned, CP-specific tools to ensure the objective measurement of RAT efficacy.

6. Conclusion

In conclusion, this systematic review and meta-analysis demonstrates that RAT produces a clinically

meaningful improvement in fine motor function in children with spastic CP, with preliminary evidence of



benefit for ADL capacity. However, the therapeutic impact does not appear to extend to muscle strength or
real-world participation, underscoring a persistent gap between clinic-based motor gains and social
performance. Gross motor recovery appears to be device-dependent, though this observation awaits
confirmation from comparative trials. Future research should prioritize large-scale, multicenter RCTs with
extended follow-up to refine treatment protocols, establish CP-specific MCID thresholds, and enhance the
overall certainty of evidence.
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Fig. 3. Forest plot of the effect of RAT on upper limb fine motor function in children with CP,

stratified by intervention modality.
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stratified by robotic device type.
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Fig. 6. Forest plot of the effect of RAT on upper limb muscle strength in children with CP.
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Fig. 7. Forest plot of the effect of RAT on participation in children with CP.
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Table 2. Details for interventions
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Table 3. Outcome measures and categorization based on the ICF mode! of the included studies grouped by

targeted outcomes.
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Outcome
GO;‘(;V; ;n ietal, Hand grip strength* Body Functions
Hedel et al., Grip strength*; .
2011 Pinch-grip Body Functions
C Gilliaux et al., . . D
Participation 2015 Life Habits Participation
Preston et al., " N
2016 COPM Participation
Others Adar et al., MAS (Tone); Body Functions;
2024 PedsQL HR-QoL
El-Shamy et al, MAS (Tone) Body Functions
2018
Gilliaux et al., Kinematics; MAS Bodv Functions
2015 (Tone) Y

ICF, International Classification of Functioning, Disability and Health; BBT, Box and Block Test; 9HPT, Nine-
Hole Peg Test; CUE, Capacities of Upper Extremity; PDMS-2, Peabody Developmental Motor Scales-2; PEDI,
Pediatric Evaluation of Disability Inventory; QUEST, Quality of Upper Extremity Skills Test; FMA-UE, Fugl-
Meyer Assessment of Upper Extremity; COPM, Canadian Occupational Performance Measure; MAS, Modified
Ashworth Scale; PedsQL, Pediatric Quality of Life Inventory; HR-QoL, Health-Related Quality of Life.

* Indicates the primary assessment tool extracted for the quantitative meta-analysis synthesis

Body Functions / Activity indicates that the assessment tool covers aspects of both physical impairment and
discrete functional task execution. Participation reflects real-world involvement in life situations as distinct from
functional capacity.
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Experimental Control

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% ClI

1.1.1 RAT

Adar et al., 2024 5.45 2.51 9 34 19 10 22.9% 0.89 [-0.07, 1.84] =

Hedel et al., 2011 3.2 2.8 10 0.2 3 7  19.4% 0.99 [-0.05, 2.03] =
Peramalaiah et al., 2025 5.2 2.02 17 2 3.42 17 39.3% 1.11[0.38, 1.84] —_—
Subtotal (95% CI) 36 34 81.5% 1.02 {0.51, 1.53] -
Heterogeneity: Tau? = 0.00; Chi? = 0.14, df = 2 (P = 0.93); I> = 0%

Test for overall effect: Z = 3.95 (P < 0.0001)

1.1.2 RAT+CT

Gilliaux et al., 2015 3.6 3.6 8 04 21 8 18.5% 1.03 [-0.04, 2.09] =

Subtotal (95% CI) 8 8 18.5% 1.03 [-0.04, 2.09] e —
Heterogeneity: Not applicable

Test for overall effect: Z = 1.89 (P = 0.06)

Total (95% Cl) 44 42 100.0% 1.02 [0.56, 1.48] -
Heterogeneity: Tau? = 0.00; Chi? = 0.14, df = 3 (P = 0.99); I> = 0% _=2 _=1 5 51 é

Test for overall effect: Z = 4.38 (P < 0.0001)

Test for subgroup differences: Chi? = 0.00, df = 1 (P = 0.99), 1> = 0%

Favours [Conventional] Favours [RAT]



Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% ClI
1.2.1 RAT
Adar et al., 2024 2.22 2.33 9 1 1.05 10 38.1% 0.66 [-0.27, 1.59] i
Subtotal (95% CI) 9 10 38.1% 0.66 [-0.27, 1.59] e
Heterogeneity: Not applicable
Test for overall effect: Z = 1.39 (P = 0.17)
1.2.2 RAT+CT
Gilliaux et al., 2015 -0.2 0.8 8 -1.1 1.3 8 31.1% 0.79 [-0.24, 1.82] L
Preston et al.,, 2016  -0.48 0.77 8 -0.88 0.74 7 30.8% 0.50 [-0.54, 1.53] L)
Subtotal (95% CI) 16 15 61.9% 0.64 [-0.09, 1.37] e
Heterogeneity: Tau? = 0.00; Chi? = 0.15, df = 1 (P = 0.70); I* = 0%
Test for overall effect: Z = 1.73 (P = 0.08)
Total (95% ClI) 25 25 100.0% 0.65 [0.07, 1.22] —l
Heterogeneity: Tau? = 0.00; Chi? = 0.15, df = 2 (P = 0.93); I*> = 0% _52 _51 s i i

Test for overall effect: Z = 2.22 (P = 0.03)

Test for subgroup differences: Chi? = 0.00, df = 1 (P = 0.98), 12> = 0%

Favours [Conventional] Favours [RAT]



Experimental Control

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
1.3.1 End-effector

Adar et al., 2024 2.56 1.33 9 1.1 099 10 41.4% 1.20 [0.20, 2.20] -
Goswami et al., 2025 0.99 2.51 30 0.64 2.21 30 58.6% 0.15 [-0.36, 0.65] ‘
Subtotal (95% Cl) 39 40 100.0% 0.58 [-0.44, 1.60]

Heterogeneity: Tau? = 0.39; Chi® = 3.41, df = 1 (P = 0.06); 1> = 71%
Test for overall effect: Z = 1.12 (P = 0.26)

1.3.2 Exoskeleton

El-Shamy et al., 2018 22.7 0.7 15
Subtotal (95% Cl) 15

Heterogeneity: Not applicable
Test for overall effect: Z = 7.03 (P < 0.00001)

16.8 0.2 15 100.0%

15 100.9%

11.15 [8.04, 14.26]
11.15 [8.04, 14.26]

Test for subgroup differences: Chi? = 40.06, df = 1 (P < 0.00001), I> = 97.5%

-

-10 -5 0 5
Favours [Conventional] Favours [RAT]
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Experimental Control
Study or Subgroup Mean SD Total Mean SD Total Weight

Std. Mean Difference
1V, Random, 95% CI

Std. Mean Difference
IV, Random, 95% ClI

1.4.1 RAT

Adar et al., 2024 2 1.32 9 1 1.64 10 19.1%
Hedel et al., 2011 1 1.3 10 0.3 1.7 7 17.1%
Subtotal (95% Cl) 19 17 36.2%

Heterogeneity: Tau? = 0.00; Chi?> = 0.07,df = 1 (P = 0.79); I = 0%
Test for overall effect: Z = 1.60 (P = 0.11)

1.4.2 RAT+CT

Goswami et al., 2025 0.05 0.07 30 0 0.3 30 63.8%

Subtotal (95% CI) 30 30 63.8%
Heterogeneity: Not applicable

Test for overall effect: Z = 0.87 (P = 0.38)

Total (95% CI) 49 47 100.0%
Heterogeneity: Tau? = 0.00; Chi? = 0.64, df = 2 (°? = 0.73); I = 0%

Test for overall effect: Z = 1.66 (P = 0.10)
Test for subgroup differences: Chi? = 0.56, df = 1 (P = 0.45), I = 0%

8, 0.73]
8,0.73]

[-0.2
[-0.2

0.34 [-0.06, 0.75]

<‘

-l

1 1

-2 -1 0 1
Favours [Conventional] Favours [RAT]
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Experimental Control

Study or Subgroup Mean SD Total Mean

Std. Mean Difference

IV, Random, 95% CI

Std. Mean Difference
IV, Random, 95% CI

Gilliaux et al., 2015 8.5 26.89 8 12 22.22

Preston et al., 2016 0.9 1.35 8 0

Total (95% CI) 16

Heterogeneity: Tau? = 0.02; Chi? = 1.08, df = 1 (P = 0.30); I> = 8%

Test for overall effect: Z = 0.59 (P = 0.56)

-0.13 [-1.12, 0.85]
0.63 [-0.42, 1.67]

0.22 [-0.52, 0.97]

||
.
2 1 0 1 2

Favours [Conventional] Favours [RAT]



Tablel. Characteristics of the population included in the study

Sample
Auth CP Age ) Fema
Study ) ) size Dropo )
or, ] (Classificati  (year  Group le Country Setting
design [female ) ut rate
year on) s) | Ratio
Gl: Shri
) Spastic n=17 Dharmasthala
Peramalai . . Gl: .
single-bli CP, [8] 47.06 ) Manjunathesh
ahetal., dRCT 4-10 RAT 2 o 0% India
n : wara
2025 MACS G2:cT ’ T
[-I11 n=17 University
(8]
Hemiple
Single ) Gl: .
. . gic CP, Senior
Goswami blind Gl: n=30 )
) GMFCS 26.67 . Registrar &
etal., multicentr 5-18 RAT [9] 8.33% India
. LIII % OC Tps, 155
2025 ic > G2:CT G2: Base Hosnital
ase Hospita
pilot RCT ~ MACS I- n=30[7] P
v
single-bli Spastic Gl Gl:n=9 Afyonkarahisa
Adar et nd CP, [4] 47.37 r Health
. 7-16 RAT 5% Turkey .
al.,, 2024  Prospecti MACS . CT G2: % Sciences
s
ve RCT [-I11 n=10[5] University
Spastic Gl: Faculty of
El-Shamy . ) : \ Gl: )
single-bli  Hemiplegia n=15[6] 33.33 Physical
et al., 6-8 RAT 0% Egypt )
nd RCT CP, MACS G2: % Therapy, Cairo
2018 G2: CT .
[-111 n=15[4] University
Gl:
pilot RAT+
. . : Gl:
single-bli  Spastic CP, CT+ ) )
Preston et n=8[4] University
nd MACSII-  5-12 BT 40% 0% UK
al., 2016 i G2: of Leeds
multicent v G2:
n=7[2]
er RCT CT+
BT
Gl: . .
Université
o Gl: n=8[NA .
Gilliaux . ) ) catholique de
Single-Bli ~ Spastic CP, RAT + ] . .
et al., 6-16 NA 0% Belgium Louvain,
nd RCT MACSI-V CT G2: i
2015 Institute of
G2: CT n=8§[NA

Neuroscience



Gl: Gl: )
Institute of

o RAT  n=10[N .
Prelimina ) Neuroinformat
Hedel et G2: Al Switzerla )
ry results CP 6-18 NA 0% ics
al., 2011 comput G2: nd ) )
of RCT University of
er n=7[NA .
Zurich
games ]

UK, United Kingdom; RCT, randomized controlled trials; CP, cerebral palsy; MACS, Manual Ability
Classification System; G, group; RAT, robot-assisted therapy; CT, conventional therapy; BT, Botulinum Toxin;
NA, not available;

Table 2: Details for interventions

) RAT
Author, Interventio ) )
Device name Type Combin
year ns
ed
game-based
Peramalai robotic
) end-effect compute
ahetal., RAT manipuland )
i or r games
2025 um device
(RMD)
PABLO ®
X2
) hand-arm
Goswami
¢ al RAT+ therapy end-effect compute
etal.,
CT system (M/S or r games
2025 .
tyromotion
GMBH,
Austria)
AMADEO
hand-finger .
virtual
Adar et robot end-effect )
RAT . reality
al., 2024 (Tyromotion or
games
, Graz,
Austria)
Armeo )
El-Shamy . virtual
Spring exoskelet )
et al., RAT reality
(Hocoma, on
2018 games

AG,

Durati
on

(min)

45

30

40

45

Frequenc
Sessio y Week
ns (days/wk s
)
24 3 8
144 3 48
30 5 6
36 3 12




Preston et RAT+
al., 2016 CT+ BT
Gilliaux et RAT+

al., 2015 CT

Hedel et
al., 2011

Switzerland)

The CAAR
games other
system
end-effect
REAPIlan
or
YouGrabber
system
end-effect
(YouRehab,
or
Zurich,
Switzerland)

compute

30
r games
compute
P 45
r games
virtual
reality 45
games

42 7 6
16 2 8
12 4 3

RAT, robot-assisted therapy; CT, conventional therapy; BT, Botulinum Toxin;

Table 3. Outcome measures and categorization based on the ICF model of the included studies grouped by

targeted outcomes.

Targeted Outcome

Author, year

Assessmient Tool

ICF Domain

Fine Motor Function

Activities of Daily
Living

Gross Motor Function

Muscle Strength

Participation

Adar et al., 2024
Gilliaux et al., 2015
Hedel et al., 2011

Peramalaiah et al., 2025

Adar et al., 2024

Gilliaux et al., 2015
Preston et al., 2016
Adar et al., 2024
El-Shamy et al., 2018

Goswami et al., 2025
Adar et al., 2024

Gilliaux et al., 2015
Goswami et al., 2025
Hedel et al., 2011
Gilliaux et al., 2015

FMA-hand; BBT*
BBT*
BBT*; 9HPT
CUE; PDMS-2(grasping*,
VMI)

ABILHAND-Kid**;
WeeFIM

ABILHAND-Kids*; PEDI
ABILHAND-Kids*
FMA-UE*
QUEST*
QUEST*

Jamar Grasp*; Jamar
Pinch

Muscle torque
Hand grip strength*
Grip strength*; Pinch-grip
Life Habits*

Body Functions / Activity
Activity

Activity

Activity

Activity

Activity
Activity

Body Functions / Activity
Activity

Activity
Body Functions

Body Functions
Body Functions
Body Functions

Participation



Targeted Outcome Author, year Assessment Tool ICF Domain

Preston et al., 2016 COPM* Participation
Others Adar et al., 2024 MAS (Tone); PedsQL Body Functions; HR-QoL
El-Shamy et al., 2018 MAS (Tone) Body Functions
Gilliaux et al., 2015 Kinematics; MAS (Tone) Body Functions

ICF, International Classification of Functioning, Disability and Health; BBT, Box and Block Test; 9HPT,
Nine-Hole Peg Test; CUE, Capacities of Upper Extremity; PDMS-2, Peabody Developmental Motor Scales-2;
PEDI, Pediatric Evaluation of Disability Inventory; QUEST, Quality of Upper Extremity Skills Test; FMA-UE,
Fugl-Meyer Assessment of Upper Extremity; COPM, Canadian Occupational Performance Measure; MAS,
Modified Ashworth Scale; PedsQL, Pediatric Quality of Life Inventory; HR-QoL, Health-Related Quality of Life.

* Indicates the primary assessment tool extracted for the quantitative meta-analysis synthesis

Body Functions / Activity indicates that the assessment tool covers aspects of both physical impairment and
discrete functional task execution. Participation reflects real-world involvement 1n life situations as distinct from

functional capacity.



