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Abstract

High-dose, task-specific upper limb training is essential for post-stroke motor recovery. EMG-triggered robot-assisted therapy
enables intention-driven, high-repetition practice; however, evidence from randomized trials directly comparing this approach
with dose-matched conventional rehabilitation remains limited. This single-blind randomized controlled trial compared short-term
outcomes of EMG-triggered robot-assisted upper limb training using the Luna EMG system with standardized therapist-led
therapy in patients after stroke.

Fifty-eight patients in the early post-stroke phase were randomly assigned to robot-assisted therapy (n = 29) or therapist-assisted
therapy (n = 29). Both groups received identical upper limb training with respect to duration, intensity, frequency, and number of
repetitions over six weeks within the same inpatient rehabilitation program. Outcomes were assessed at baseline, weeks three and
six, and at three-week follow-up using the Fugl-Meyer Assessment for Upper Extremity, Box and Block Test, Modified Ashworth
Scale, Numerical Rating Scale, and EQ-5D-5L.

Both groups showed significant within-group improvements in motor function, pain, and quality of life over time. When therapy
dose is strictly controlled, no statistically significant between-group differences were observed. A single between-group difference
was observed in the EQ-5D-5L domain of usual activities at follow-up, favoring the robot-assisted group.

Trial registration: ClinicalTrials.gov, NCT07002463. Registered May 30, 2025 (retrospectively registered)

Introduction

Stroke remains one of the leading causes of long-term disability worldwide, affecting millions of people each year and leaving a
substantial proportion of survivors with persistent impairments of upper limb function [1-3]. Upper limb (UL) paresis is present in
approximately 70-80% of individuals during the acute stage of stroke and continues to restrict motor performance and
independence in the majority of survivors months or years after the event [2,4]. Because only 10-20% of patients achieve
complete recovery of arm function, even small improvements in reaching, grasping, and manipulation can have a meaningful
impact on independence in daily activities [5]. Consequently, optimizing motor rehabilitation strategies for the paretic upper limb
remains a critical clinical priority.

Among the most common barriers to recovery are spasticity and post-stroke pain. Spasticity affects approximately 25-40% of
stroke survivors and is associated with reduced range of motion, abnormal synergies, and difficulties performing voluntary
movements [6]. Pain—including hemiplegic shoulder pain—affects nearly one-third of patients, limiting participation and
negatively influencing therapy outcomes. [7] These complications further highlight the importance of structured, intensive, and
task-specific rehabilitation, which is known to promote neuroplasticity and support functional reorganization of the motor system
[8,9].

A central element of motor learning research is the recognition that a high number of task-specific repetitions is required to
induce and sustain neuroplastic change. Experimental models indicate that hundreds of repetitions per day are needed to achieve
meaningful cortical reorganization, yet observational studies show that typical clinical practice provides far fewer repetitions—
often fewer than 30-40 per session [10]. This “dose gap” represents a major challenge in modern neurorehabilitation and has
contributed to growing interest in technologies capable of delivering high-intensity, standardized movement training.

Robot-assisted therapy has emerged as a promising solution to this challenge, particularly in upper limb rehabilitation. Robotic
systems can provide large numbers of repetitions with consistent movement parameters, objective monitoring, and enriched
feedback, which may increase patient motivation and engagement [11]. Systematic reviews and meta-analyses support these
benefits: Chien et al. demonstrated significant improvements in upper limb function with robot-assisted therapy compared with
usual care [12], while Zhang et al. reported that longer and more intensive robotic interventions are associated with improved
activities of daily living and motor recovery [13]. Recent evidence suggests that end-effector robots may yield the largest gains in
arm function across multiple motor domains [14], and meta-analytic findings from 2025 confirm significant improvements in Fugl-
Meyer Assessment for Upper Extremity (FMA-UE) scores among patients receiving robot-assisted training [15].

One promising subgroup of robotic devices uses electromyography (EMG) to detect voluntary muscle activation and trigger
movement. EMG-triggered therapy enables active participation even in patients with minimal residual motor output and has been
shown to enhance motor intention, cortical activation, and training specificity [15-17]. Dipietro et al. demonstrated that EMG-
triggered robotic therapy improves engagement and functional motor performance [18], while more recent studies confirm the
feasibility and functional benefits of EMG-driven robotic rehabilitation in both subacute and chronic stroke populations [19,20].

Despite the promising evidence, important knowledge gaps remain. Many previous trials have compared robotic therapy with
usual care or heterogeneous conventional programmes, but only a minority have directly compared robot-assisted and therapist-
assisted training using identical movement dosage, intensity, repetition count, and session duration [12,21]. This distinction is
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crucial because differences in therapeutic outcomes may be driven by discrepancies in training dose rather than the treatment
modality itself [22]. Furthermore, relatively few randomized trials have evaluated EMG-triggered end-effector devices such as
Luna EMG or comparable EMG-based systems, and their role within structured, protocolled upper limb rehabilitation programmes
remains insufficiently explored [20,23-25] Although growing evidence suggests that EMG-based robotic therapy may enhance
motor control and functional activity, the literature remains limited, and findings regarding secondary outcomes—such as
spasticity, pain, and QoL—are still inconsistent [26].

Given these considerations, a direct comparison of robot-assisted and therapist-led upper limb therapy under strictly controlled
dosing conditions is warranted. The present study addresses this gap by comparing the effects of EMG-triggered robot-assisted
therapy with conventional therapist-assisted training in post-stroke patients, while carefully standardizing the number of
repetitions, movement intensity, and treatment duration. In this study, motor function is defined as motor performance measured
by the FMA-UE and manual dexterity assessed using the Box and Block Test (BBT) [27]. Secondary outcomes include muscle tone,
pain levels, and QoL.

This approach provides a rigorous test of the relative effectiveness of robot-assisted versus therapist-led rehabilitation and
contributes new clinical evidence regarding the potential role of EMG-triggered robotic systems in structured upper limb therapy
after stroke.

Methods
Patient population (P)

A total of 58 patients treated in the Rehabilitation Department of the T. Marciniak Lower Silesian Specialist Hospital, Emergency
Medicine Center in Wroctaw, Poland were enrolled in the study, according to predefined eligibility criteria. Participants were
randomly assigned to two equally sized groups (29 participants each): an experimental group and a control group.

Participants were recruited consecutively between April 3, 2023 (date of first patient enrolment) and February 12, 2024 (date of
primary completion), corresponding to the predefined recruitment period at the study site. The groups were homogeneous in
terms of age, sex, type of stroke, time since stroke onset, and severity of neurological deficit (Table 1).

Table 1
Descriptive characteristics of study participants
Experimental group Control group P
(n=29) (n=29)
Age, years 66.0 (13.0) 67.0 (14.0) 0.534
Mdn (IQR)
Sex 0.791
n (%)
men 17 (58.6%) 16 (55.2%)
women 12 (41.4%) 13 (44.8%)
Stroke type 0.780
n (%)
hemorrhagic 9 (31.0%) 10 (34.5%)
ischemic 20 (69.0%) 19 (65.5%)
Side of paresis 0.791
n (%)
right 17 (58.6%) 16 (55.2%)
left 12 (41.4%) 13 (44.8%)
Mdn - median, IQR - interquartile range, n (%) - frequency in the experimental and control groups, p - p-value for the Mann-
Whitney U test (for age) and for the yl test (for sex, type of stroke, and side of paresis)

Inclusion criteria
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The inclusion criteria were as follows: individuals aged 18 to 90 years who had experienced an ischemic or hemorrhagic stroke no
more than 6 weeks prior to the start of the study, confirmed by a hospital discharge summary. Only patients for whom this was the
first and only cerebrovascular event were eligible. Participants were required to have a stable medical condition that allowed for
active rehabilitation, as well as a moderate, marked, or severe motor deficit of the directly affected upper limb, defined by a FMA-
UE score of <94 [28]. Additional criteria included the absence of severe cognitive impairment, indicated by a score of 23 or
higher on the Mini-Mental State Examination [29], and written informed consent to participate in both the study and therapy.

Although no formal lower FMA-UE limit was defined, all participants admitted to the study presented with moderate motor
impairment. In our clinical setting, patients with extremely low FMA-UE scores or absent voluntary movement are not referred for
active upper-limb rehabilitation, which explains why no such cases appeared in the enrolled sample.

Exclusion criteria

Exclusion criteria included: fixed, permanent contractures in the upper limb; significant spasticity in upper limb muscles, defined
as a score of = 3 on the Modified Ashworth Scale (MAS) in at least one muscle group [30]; substantial visual or hearing
impairments; severe swallowing and breathing disorders; and a confirmed diagnosis of myasthenia or myasthenic syndrome.

Participant flow through the study is presented in Fig. 1, following CONSORT 2010 reporting guidelines.

n- number of subjects

Randomization and allocation concealment

Participants were randomly assigned to the experimental (robot-assisted therapy) or control (therapist-led therapy) group in a 1:1
ratio using simple randomization. The random allocation sequence was generated by an independent researcher who was not
involved in patient recruitment, treatment, data collection, or outcome assessment. Group assignments were placed in
sequentially numbered, opaque, sealed envelopes to ensure allocation concealment. After completion of the baseline assessment,
each participant was assigned to a group by opening the next consecutively numbered envelope. Outcome assessors were blinded
to group allocation throughout the study in order to minimize the risk of detection bias.

Ethics approval and trial registration

The study was conducted in accordance with the ethical principles outlined in the Declaration of Helsinki. The study protocol,
including predefined objectives, eligibility criteria, intervention procedures, outcome measures, and statistical analysis plan, was
reviewed and approved by the Senate Committee on Ethics at Wroclaw University of Health and Sport Sciences (Approval No.
4/2023) prior to enrolment of the first participant. Written informed consent was obtained from all participants before inclusion in
the study.

The trial was registered at ClinicalTrials.gov (Identifier: NCT07002463) on May 30, 2025. Registration was completed
retrospectively due to administrative delay. No changes were made to the predefined protocol, outcomes, or statistical analysis
plan after recruitment commenced.

Therapeutic protocol

The therapeutic protocol was carried out by physiotherapists and occupational therapists in the Rehabilitation Department of the
T. Marciniak Lower Silesian Specialist Hospital, Emergency Medicine Center in Wroctaw, Poland. The total duration of the
implemented therapy was 2 hours per day, 5 days a week, for 6 weeks. Diagnostic assessments were conducted on the following
time-points: on the first day of the therapeutic protocol, after 3 weeks from baseline, after 6 weeks from baseline, and 3 weeks
after the completion of the protocol. The end-of-intervention assessment at week 6 was considered the main time point for
evaluation of treatment effects. There were no expectations regarding the magnitude of the improvement achieved.

The PICO framework was used to formulate the clinical questions and design the study protocol [31]. The CONSORT 2010
statement was used to support the study protocol development and reporting [32].
Intervention (I)

The LUNA EMG system uses surface electrodes placed over the muscle belly of the anterior deltoid, infraspinatus, triceps brachii,
and brachioradialis, following SENIAM recommendations for EMG electrode placement [33]. Before each session, electrode
impedance and signal quality were verified to ensure reliable EMG acquisition.
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An individualized activation threshold was established at the beginning of each training session. In line with protocols applied in
EMG-triggered robotic therapy, the threshold typically corresponded to approximately 30% of the patient’s maximum voluntary
EMG amplitude for the target muscle [18]. When the EMG signal exceeded this threshold, the robot initiated the predefined
movement trajectory.

The control algorithm is EMG-triggered rather than EMG-proportional: exceeding the threshold activates a full robotic movement
with constant velocity and a patient-specific, safe range of motion determined during calibration. This method is commonly used to
enhance active participation in upper-limb robotic rehabilitation [18,19].

The system provides real-time visual biofeedback displaying EMG amplitude and movement progression, supporting motor
intention, motivation, and motor learning, consistent with established principles of biofeedback-supported neurorehabilitation
[34].

The number of repetitions was determined based on the study by Lang et al.[10], in which the researchers concluded that high
repetition counts are necessary to stimulate motor learning after stroke. With regard to the upper limb, a minimum of 100
movements is required.

To ensure a valid comparison between the intervention modalities, the number of therapist-assisted repetitions was intentionally
standardized. Controlling movement dose and session intensity is essential, because variability in the amount of practiced
movement can independently influence motor outcomes and bias treatment effects [6,9,10,35].

Standard rehabilitation program

The standard rehabilitation program individualized kinesiotherapy and occupational therapy tailored to the patient's specific
needs and abilities, based on guidelines for the rehabilitation of adults after stroke (60 minutes), as well as classical upper limb
massage (15 minutes) [36-38].

Rehabilitation program using the LUNA EMG robot

A single session lasted approximately 45 minutes and consisted of the following:

« 50 repetitions of an EMG-triggered exercise utilizing EMG activity from the anterior deltoid muscle, resulting in movement of
the end-effector and limb toward shoulder flexion,

« 50 repetitions of an EMG-triggered exercise utilizing EMG activity from the infraspinatus muscle, resulting in movement of the
end-effector and limb toward shoulder external rotation,

« 50 repetitions of an EMG-triggered exercise utilizing EMG activity from the triceps brachii muscle, resulting in movement of
the end-effector and limb toward elbow extension,

- 50 repetitions of an EMG-triggered exercise utilizing EMG activity from the brachioradialis muscle, resulting in movement of
the end-effector and limb toward elbow supination.

Rehabilitation program with a physiotherapist
A single session lasted approximately 45 minutes and consisted of the following:

- 50 repetitions of assisted exercises involving shoulder flexion movement,
- 50 repetitions of assisted exercises involving external rotation of shoulder joint,
- 50 repetitions of assisted exercises involving elbow extension,

- 50 repetitions of assisted exercises involving elbow supination.

The selection of four proximal upper-limb movements was based on safety considerations and the technical capabilities of the
device. The LUNA EMG robot supports controlled, single-joint proximal movements and does not allow isolated wrist or hand
exercises. Focusing on proximal segments is also consistent with classical and contemporary models of post-stroke motor
recovery, which describe a characteristic proximal-to-distal sequence of functional return [39,40] Moreover, modern evidence
indicates that regaining proximal control is essential for enabling the later re-emergence of distal dexterity and functional hand
use [41].

Comparison (C)
Both groups were assigned to the same standard rehabilitation program. In addition, the experimental group participated in a

rehabilitation program using the LUNA EMG robot, while the control group participated in a rehabilitation program led by a
physiotherapist. The duration, intensity, and dosage of the therapeutic procedures were identical in both groups; the only
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difference was the method of implementing assisted exercises: robot-assisted in the experimental group (LUNA EMG) and
therapist-assisted in the control group.

Outcome measures (O)

Several outcome measures were used for the quantitative assessment of the research objectives.

Assessment of motor function of the paretic upper limb

. FMA-UE [28] - a widely validated, stroke-specific measure of upper-limb motor impairment and is considered the gold
standard for quantifying motor recovery.

. B&BT was used to assess gross manual dexterity. The participant is instructed to move as many small wooden blocks as
possible, one at a time, from one compartment of a divided box to the other within 60 seconds. The final score represents the
total number of blocks transferred with the tested hand. [42].

Assessment of muscle tone in the paretic upper limb

Muscle tone was assessed using the MAS. The MAS is a six-level ordinal scale, where 0 =no increase in muscle tone; 1 = slight
increase manifested by a catch and release; 1 + = slight increase with a catch followed by minimal resistance through less than
half of the available range of motion; 2 = more marked increase through most of the range; 3 = considerable increase in tone; and
4 = affected part rigid in flexion or extension. For statistical analysis, MAS scores of 1 + were converted to 1.5, following
commonly used procedures for handling this intermediate ordinal category [43].

Assessment using the MAS [44] was conducted for the following muscle groups: shoulder girdle elevators (mainly musculus
trapezius pars descendens, musculus levator scapulae), shoulder adductors, internal rotators, and extensors (mainly musculus
latissimus dorsi), shoulder external rotators (mainly musculus infraspinatus), shoulder abductors (mainly musculus deltoideus
pars media), elbow flexors in forearm supination (mainly musculus biceps brachii), elbow flexors in neutral forearm position
(mainly musculus brachioradialis), elbow extensors (mainly musculus triceps brachii), forearm pronators (mainly musculus
pronator teres), wrist flexors (musculus flexor carpi radialis, musculus flexor carpi ulnaris), and finger flexors (mainly musculus
flexor digitorum superficialis, musculus flexor digitorum profundus).

Pain assessment

Pain intensity was assessed using the Numerical Rating Scale (NRS, 0-10) [45] during a standardized reaching task at each
assessment time point. Participants were instructed to reach forward toward an object placed at shoulder height and at a
comfortable arm’s-length distance. After completing the movement, they rated their shoulder pain on the NRS, where 0 indicated
“no pain” and 10 indicated “worst imaginable pain”. Only activity-related pain during this standardized reaching task was
recorded and included in the analysis.

QoL assessment

The EQ-5D-5L instrument [46] was used to evaluate five key dimensions: mobility, self-care, usual activities, pain/discomfort, and
anxiety/depression. Each dimension is rated on a five-level scale, where level 1 indicates no problems and level 5 indicates
extreme difficulty or complete inability to perform the activity. In addition to these five descriptive dimensions, participants also
completed the EQ-VAS (“% health today”), a vertical visual analogue scale ranging from 0 (“the worst health you can imagine”) to
100 (“the best health you can imagine”). This score reflects the participant’s overall perceived health status on the day of
assessment and was analysed as an additional quality-of-life indicator.

Sample size

No formal a priori sample size calculation was performed. The final sample comprised all eligible post-stroke patients
consecutively admitted to the rehabilitation department during the predefined recruitment period.

Statistical analysis

The distribution of data across four measurements in the experimental and control groups was assessed using the Shapiro-Wilk W
test. For most variables, the assumption of normality was not confirmed; therefore, non-parametric methods were applied. For all
variables, the median (Mdn) and interquartile range (IQR) were calculated.

Differences between the experimental and control groups with respect to sex, type of stroke, and side of paresis were examined
using the chi-square (y0) test, and their potential differentiating effect on quantitative variables was assessed using the Mann-
Whitney U test. Correlations between variables and age were evaluated using Spearman’s rho (p). Differences between the four
measurements (changes over time) were analysed using the Friedman rank test followed by the Nemenyi post-hoc test. When
necessary, Bonferroni correction was applied in the analyses to account for the number of group comparisons.
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Results

No statistically significant differences between the experimental and control groups were observed at any measurement time
point for any of the analysed variables, including motor performance parameters, upper limb muscle tone, pain intensity, and
quality of life. No serious adverse events or therapy-related complications were observed, and no participants discontinued the
intervention due to safety concerns.

For all parameters, except FMA-UE-PJM in the control group, significant changes across the four measurement points were
observed; however, for some variables, the pattern in which each subsequent measurement differed significantly from the
previous one was not maintained (see the notation “(1)-(2)-(3)-(4)” in Table 2). For many parameters (except those for which all
possible pairwise differences between measurements “(1)-(2)-(3)-(4)” were significant), no statistically significant changes were
found between the third and fourth measurements.

Changes between consecutive measurements for most variables were independent of group allocation. A statistically significant
interaction between time and group was observed in only three cases:

- changes in FMA-UE-PJM were statistically significant only in the experimental group;

- the difference between the first and third measurements of EQ-5L-B/D was significantly greater in the control group than in the
experimental group;

- the difference between the second and third measurements of EQ-5L-N/P was significantly greater in the control group than in
the experimental group.

Table 2. Differences among four measurements of motor performance parameters, upper-limb muscle tone, and assessments of
pain intensity and quality of life in post-stroke patients undergoing robot-assisted (Experimental) and non-assisted (Control)
rehabilitation.
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Experimental Group (n=29) Control Group(n = 29)

Mdn (IQR) Mdn (IQR)

1) 2) 3) 4) P Differences (€3] (2) 3) “4) P Differences
EQ-5L- 4.0 3.0 3.0 2.0 < 1H-2)-3)-4@ 4.0 3.0 3.0 3.0 < M-(3)-(4);
Z/C (1.0) (1.0) (1.0) (1.0)  0.001 (1.0 (1.0) (1.0) (1.0)  0.001 () 2 2)-a)
EQ-5L- 2.0 2.0 2.0 2.0 0.017 M- 3.0 3.0 2.0 2.0 < (H-B); (-4
B/D (1.0) (1.0) (1.0) (0.0) (1.0) (1.0) (2.0) (2.0) 0.001
EQ-5L- 3.0 2.0 2.0 2.0 < D-3)-4); 3.0 3.0 2.0 2.0 < M-3)-4);
N/P (1.0) (1.0) (2.0) (1.0) 0.001  (y_@), @-@ (1.0) (1.0) (2.0) (1.0) 0.001  (3_3), @-@
EQ-5L- 40.0 50.0 65.0 75.0 < 1H-2)-3)-4  40.0 50.0 60.0 70.0 < M=-(2)-(3)-4)
%Zd (20.0) (15.0) (23.0) (20.0) o0.001 (12.0) (20.0) (15.0) (15.0) 0.001
NRS 5.0 5.0 4.0 3.0 < 1H-14); -4 6.0 5.0 4.0 3.0 < (H-4); -4

(4.0) (3.0) (2.0) (2.0) 0.001 (2.0) (3.0) (2.0) (3.0) 0.001

There were no significant differences between the Experimental and Control groups (p > 0.05 for all variables), Mdn - median,
IQR - interquartile range, n (%) - frequency in the experimental and control groups, p - value of statistical significance; FMA -
Fugl-Meyer Assessment; UE - Upper Extremity; FMA-UE-UE - shoulder and upper arm function; FMA-Wr - wrist function;
FMAUE-Hnd - hand function; FMA-UE-C/S - coordination and speed; FMA-UE-Ttl - total upper extremity motor score; FMAUE-
Sen - sensation; FMA-UE-PJM - passive joint motion; FMAUE-].Pa - joint pain; FMAUE-sum - total FMA upper extremity score;
Box n Blocks - Box and Block Test; MAS - Modified Ashworth Scale: MAS-Bic - biceps brachii; MAS-Tric - triceps brachii; MAS-
Brarad - brachioradialis; MAS-Delt - deltoid; MAS-Lat/Do - latissimus dorsi; MAS-Infra - infraspinatus; MAS-Up.Tra - upper
trapezius; MAS-FDS - flexor digitorum superficialis; MAS-Pro-Te - pronator teres; MAS-F.Ca - wrist flexors (flexor carpi); EQ-5L -
EuroQol 5 Dimensions, 5 Levels: EQ-5L-Por - mobility; EQ-5L-Sam - self-care; EQ-5L-Z/C - usual activities; EQ-5L-B/D -
pain/discomfort; EQ-5L-N/P - anxiety/depression; EQ-5L-%Zd - self-rated health; NRS - Numeric Rating Scale; (1)-(2)-(3)-(4) -
significant differences between all four consecutive measurements; (1)-(2) differences between measurements (1) and (2)FMA -
Fugl-Meyer Assessment; UE - Upper Extremity; FMA-UE-PJM - passive joint motion; EQ-5L-B/D - pain/discomfort; FMA-UE-Ttl -
total upper extremity motor score; Box n Blocks - Box and Block Test; EQ-5L-%Zd - self-rated health; MAS-Tric - triceps brachii
spasticity assessed using the Modified Ashworth Scale

The parameters at each measurement point did not correlate with participants’ age and did not differ by sex or by the side of
paresis. A differentiating effect of stroke type was detected for FMA-Wr, FMAUE-Hnd, FMAUE-].Pa, FMAUE-sum, and the Box and
Blocks Test; these parameters had higher values in participants after hemorrhagic stroke than in those after ischemic stroke. Only
the changes in FMAUE-].Pa differed by stroke type. In participants after ischemic stroke, the changes in FMAUE-]J.Pa were greater
than in participants after hemorrhagic stroke (Fig. 3).

Figure 3. Changes in FMAUE-].Pa between measurements (1)-(4) according to stroke type.

FMA - Fugl-Meyer Assessment; UE - Upper Extremity; FMA-UE-].Pa - joint pain component of the Fugl-Meyer Assessment Upper
Extremity.

Discussion

This randomized controlled trial compared EMG-triggered robot-assisted upper limb therapy using the Luna EMG system with
therapist-led rehabilitation in post-stroke patients under strictly standardized conditions of movement dose, repetition count, and
session duration. The present findings suggest that both interventions were associated with significant improvements in upper
limb motor function, muscle tone, pain intensity, and QoL. No statistically significant between-group differences were observed for
FMA-UE, Box and Block Test, MAS, or NRS outcomes at any of the examined time points, while a single significant difference was
detected in the EQ-5D-5L “usual activities” domain at follow-up, in favor of the robot-assisted group.

The absence of statistically significant between-group differences in motor outcomes is consistent with previous randomized trials
and recent meta-analyses demonstrating that robot-assisted upper limb therapy improves motor impairment but does not
consistently outperform dose-matched conventional therapy [12,13,15,17,21,47-49]. This supports the interpretation that robotic
assistance may represent an alternative method of delivering intensive motor training rather than an inherently superior
therapeutic modality.

The within-group improvements in both FMA-UE and Box and Block Test scores observed in the experimental and control groups
confirm that intensive, task-oriented upper limb training in the early post-stroke phase can effectively enhance motor performance
irrespective of whether movement assistance is provided by a therapist or a robotic device. This finding is consistent with the
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concept that the dose of active movement practice is a critical driver of post-stroke recovery [8-10]. Observational studies have
demonstrated that the number of purposeful upper limb repetitions typically achieved during routine clinical rehabilitation is often
insufficient to optimally stimulate neuroplastic reorganization [9,10]. In the present trial, movement dose was deliberately
controlled and equalized between the study arms, which likely minimized any potential advantage of robotic technology related
solely to repetition volume.

The present study also contributes to the growing literature on EMG-based robotic rehabilitation. EMG-triggered devices initiate
movement only when voluntary muscle activation exceeds a predefined threshold, thereby reinforcing motor intention and active
participation [18,19,26].

Recent meta-analyses have reported improvements in upper limb motor outcomes associated with EMG-based robotic systems
after stroke; however, superiority over dose-matched conventional therapy remains uncertain [20]. Our findings extend this
evidence by suggesting that EMG-triggered robot-assisted training can achieve similar short-term motor improvements under
carefully standardized dosing conditions.

Regarding muscle tone, no significant between-group differences in MAS scores were observed across any of the examined muscle
groups or time points. This suggests that, within the six-week intervention period and under standardized movement conditions,
both robot-assisted and therapist-led rehabilitation exerted a similar influence on spasticity. Previous trials and systematic reviews
have reported heterogeneous effects of robotic rehabilitation on upper limb spasticity, with some studies demonstrating modest
reductions and others reporting no significant differences relative to conventional therapy [50-52]. The available evidence
therefore supports the interpretation that robotic assistance is not inherently superior to therapist-led exercises for spasticity
modulation when movement dose and structure are comparable.

Both study groups exhibited a significant reduction in pain intensity between baseline and the final follow-up measurement.
Importantly, the reduction in pain became statistically significant primarily at later measurement points rather than immediately
after therapy initiation. This delayed pattern suggests that pain relief was most likely mediated by cumulative improvements in
neuromuscular control, joint mobility, and soft tissue flexibility, as well as by the additive effects of comprehensive
multidisciplinary rehabilitation. Exercise-based interventions such as strengthening, stretching, and task-oriented functional
training have been consistently shown to reduce post-stroke shoulder pain and improve movement tolerance [53-55]. Massage
and manual techniques, which were part of the standard rehabilitation program in both groups, have also been associated with
clinically meaningful pain reduction [54].

Hemiplegic shoulder pain is a common complication after stroke and is widely recognized as a multifactorial condition influenced
by biomechanical, neuromuscular, and psychosocial factors [7,56]. As both groups in the present study received similar adjunctive
therapies, the observed reduction in pain intensity is best explained by the cumulative effect of comprehensive rehabilitation
rather than by a specific analgesic effect of either robot-assisted or therapist-led upper limb training alone.

QoL, as assessed by the EQ-5D-5L, improved in several domains in both groups, including mobility, self-care, pain/discomfort, and
anxiety/depression, reflecting the overall functional gains achieved during intensive inpatient neurorehabilitation [46,57,58]. The
only statistically significant between-group difference was detected in the “usual activities” dimension at follow-up, favoring the
robot-assisted group. However, this finding must be interpreted with caution. The Luna EMG protocol focused exclusively on
proximal upper limb movements and did not directly train activities of daily living. Therefore, it is unlikely that this difference
reflects a direct task-specific transfer effect from robotic exercises to everyday functional performance.

A more plausible explanation is that the observed improvement in “usual activities” reflects the combined effects of high-dose
upper limb training and the broader standard rehabilitation program, including functional kinesiotherapy and occupational
therapy. Previous studies indicate that robot-assisted training is most likely to translate into improvements at the activity and
participation levels when it is embedded within comprehensive multidisciplinary rehabilitation rather than delivered as a
standalone modality [15,57,58].

The potential contribution of motivational and engagement-related mechanisms should also be considered. Robotic systems
provide real-time visual feedback and objective performance monitoring, which may enhance patient engagement [11,34].
Although these factors were not directly assessed in the present study, their potential influence on subjective perceptions of
functional ability and daily activity performance cannot be excluded.

Although some differences related to stroke aetiology were observed, the interpretation of analyses according to stroke aetiology
should be made with caution because the hemorrhagic stroke subgroup was relatively small (9 and 10 participants) compared
with the ischemic subgroup (20 and 19 participants).

From a clinical perspective, the present findings indicate that EMG-triggered robot-assisted therapy using the Luna EMG system
represents a viable alternative to therapist-led rehabilitation for delivering high-repetition upper limb training in the early post-

Page 10/18



stroke phase. When movement dose, repetition count, and session duration are tightly controlled, robot-assisted therapy appears
to be as effective as standardized therapist-led rehabilitation in improving motor function, reducing pain, and enhancing QoL over
a six-week period [48,49].

These results should not be interpreted as evidence that robotic rehabilitation is unnecessary or clinically redundant. Instead, they
support a model in which EMG-based robotic systems such as Luna are integrated as complementary tools within structured
rehabilitation programs. Once clinical equivalence between robotic and conventional upper limb rehabilitation has been
demonstrated, recent economic evaluations suggest that future analyses should focus on optimizing resource utilization,
accessibility, and long-term sustainability rather than on seeking superiority in short-term clinical outcomes [59].

In summary, this randomized controlled trial demonstrated that both EMG-triggered robot-assisted therapy using the Luna EMG
system and standardized therapist-led rehabilitation were associated with significant short-term improvements in upper limb
motor function, muscle tone, pain, and QoL under rigorously controlled dosing conditions. No statistically significant between-
group differences were detected. These findings suggest that EMG-based robotic systems may serve as an alternative modality for
delivering high-repetition upper limb rehabilitation within comprehensive post-stroke programs.

Limitations

This study has several limitations that should be considered when interpreting the findings. First, although 58 participants were
included, no formal a priori sample size calculation was performed. The final sample comprised all eligible post-stroke patients
consecutively admitted to the rehabilitation department during the predefined recruitment period. This may limit the statistical
power of the study and increase the risk of type II error, which may partly explain the lack of statistically significant between-
group differences in several outcome measures. Although both groups demonstrated clinically meaningful improvements over
time, subtle between-group effects may have remained undetected.

Second, the absence of long-term follow-up prevents conclusions regarding the durability and sustainability of the observed
functional improvements beyond the short post-intervention period.

Third, although movement dose and session duration were rigorously standardized, other potentially influential factors—such as
individual motivation, therapist-patient interaction, and psychosocial variables—were not formally controlled or quantified and
may have affected the outcomes.

Fourth, the intervention focused exclusively on proximal upper limb movements due to the technical constraints of the robotic
device. Consequently, the results cannot be directly generalized to distal hand function or fine motor recovery.

Another important limitation is that clinical trial registration at ClinicalTrials.gov was performed retrospectively due to
administrative delays. Although the full study protocol had been developed and approved by the institutional ethics committee
prior to patient enrolment, prospective registration was not completed in time. No modifications were made to the protocol after
data collection or statistical analysis. Nevertheless, retrospective registration may reduce the transparency of the study, and
future trials should ensure prospective registration in accordance with CONSORT recommendations.

Conclusions

This randomized controlled trial showed that EMG-triggered robot-assisted upper limb therapy using the Luna EMG system and
standardized therapist-led rehabilitation were associated with significant short-term improvements in upper limb motor function,
muscle tone, pain intensity, and quality of life in patients after stroke when movement dose and session duration were strictly
controlled.

No statistically significant between-group differences were detected under matched dosing conditions. These findings suggest that
robot-assisted therapy may represent an alternative method for delivering high-repetition upper limb training in early post-stroke
rehabilitation rather than a superior therapeutic modality.

The single between-group difference observed in the “usual activities” domain of the EQ-5D-5L at follow-up should be interpreted
with caution and is most likely attributable to the combined effects of comprehensive multidisciplinary rehabilitation rather than
to a specific task-transfer effect of the robotic intervention alone.

Considering the lack of prospective sample size calculation and the relatively limited sample size, the findings of this study
warrant cautious interpretation. Larger, adequately powered randomized controlled trials with extended follow-up periods are
necessary to confirm these results, establish the durability of treatment effects, and better identify clinical predictors of response
as well as patient subgroups who may derive the greatest benefit from EMG-based robotic rehabilitation.
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Figure 1

CONSORT 2010 Flow Diagram illustrating participant progress through enrolment, allocation, follow-up, and analysis n- number
of subjects
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Figure 2

Changes in selected clinical parameters between measurements (1)-(4) in the Experimental and Control groups. FMA - Fugl-
Meyer Assessment; UE - Upper Extremity; FMA-UE-PJM - passive joint motion; EQ-5L-B/D - pain/discomfort; FMA-UE-Ttl - total
upper extremity motor score; Box n Blocks - Box and Block Test; EQ-5L-%Zd - self-rated health; MAS-Tric - triceps brachii
spasticity assessed using the Modified Ashworth Scale

Page 17/18



25

FMAUE-] Pa FMAUE-J Pa
24 +
23
22 +
D
21+ t\/
20 ¥ - N /
/. T 4
19 } “I,_,_--—::" 1 /
18 | . - amet
17 t
oy =& hemorrhagic stroke | =% hemorrhagic stroke |
= ischemic stroke —&- ischemic stroke
15 . . . . . . . .
(1) (2) 3) (4) (1) (2) 3) (4)
Experimental group Control group
Figure 3

Changes in FMAUE-].Pa between measurements (1)-(4) according to stroke type. FMA - Fugl-Meyer Assessment; UE - Upper
Extremity; FMA-UE-].Pa - joint pain component of the Fugl-Meyer Assessment Upper Extremity.
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