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Abstract

Upper-limb impairments after stroke significantly affect patients’ quality of life and require
effective rehabilitation strategies. Rehabilitation devices play a vital role in enhancing motor
recovery. This study evaluated the efficacy of the Arm Booster, a bilateral arm-training
device, in improving upper-limb impairment in patients with chronic stroke. Eighteen
participants were randomly assigned to two groups: a device group (n = 9), using the
Arm Booster; and a conventional physiotherapy group (n = 9). Both groups performed
six bilateral upper-limb exercises (32 repetitions each) three times per week for eight
weeks. Participants were further classified into mild spasticity (n = 5) and moderate-
to-severe spasticity (n = 4) subgroups. The primary outcome was motor impairment,
assessed using the Fugl-Meyer Assessment of the Upper Extremity (FMA-UE). Secondary
outcomes included spasticity, measured by the Modified Ashworth Scale (MAS), and daily
functional use of the arm, assessed with the Motor Activity Log (MAL). Both groups showed
significant improvements in FMA-UE scores and overall arm movement. The conventional
group demonstrated additional gains in hand and wrist function and coordination. Notably,
in the moderate-to-severe spasticity subgroup, the device group exhibited improvements
in upper-limb movement and a trend toward reduced spasticity. These findings suggest
that the Arm Booster may support motor recovery, encourage the use of the affected arm,
improve movement control, and provide an efficient means for patients to exercise more
frequently on their own.

Keywords: bilateral arm training; rehabilitation machine; stroke

1. Introduction
Stroke is one of the most common conditions affecting the elderly and often results

in widespread impairments, particularly in the upper and lower limbs. Upper-limb
dysfunction—including weakness, impaired movement, poor motor control, and coor-
dination deficits—significantly impacts daily living and self-care abilities [1], affecting up
to 77% of stroke survivors [2]. These impairments not only limit basic self-care tasks but
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also negatively impact emotional and mental well-being [3,4], indicating an urgent need
for effective rehabilitation strategies [5].

Rehabilitation aimed at improving upper-limb function is essential for maximizing
patient outcomes and minimizing disability. A fundamental principle of effective rehabilita-
tion is that training must occur with sufficient frequency and repetitions to promote motor
control and motor learning. Generally, more frequent and intensive training is associated
with better motor recovery. However, many patients face limitations that restrict access
to consistent rehabilitation, leading to missed opportunities for recovery and suboptimal
outcomes [6].

Bilateral arm training (BAT) has gained recognition as a theoretically sound and
evidence-supported intervention in post-stroke upper-limb rehabilitation. This therapeutic
strategy emphasizes synchronized bimanual activity, which facilitates engagement of the
paretic limb and improves interlimb coordination through symmetrical motor execution [7].
The underlying theoretical mechanisms include interhemispheric rebalancing—wherein
bilateral movement modulates transcallosal inhibition—and enhanced activation of ip-
silesional motor cortices, both of which are believed to contribute to motor relearning
and functional recovery [8]. Additionally, Sainburg et al. introduced the concept of
“bilateral synergy” as a neurophysiological model, suggesting that cooperative control dur-
ing bilateral movement minimizes maladaptive compensatory patterns while promoting
more efficient cortical reorganization [9]. Critically, the effects of BAT are closely tied to
neuroplasticity—the brain’s intrinsic capacity to reorganize neural pathways in response to
practice and experience. Bilateral interventions engage both hemispheres simultaneously,
promoting synaptic strengthening, the recruitment of residual or alternative neural circuits,
and the restoration of interhemispheric balance. These neural adaptations are particularly
important in stroke rehabilitation, where facilitating cortical remodeling is key to regaining
motor function. Recent meta-analytical evidence supports this rationale, indicating that
BAT significantly improves motor performance, especially in proximal limb segments, as
assessed by clinical tools such as the Fugl-Meyer Assessment [10].

Recent advances in rehabilitation technology have significantly enhanced both the
assessment and treatment of upper-limb dysfunction. Robotic and mechanical systems
now enable high-precision, high-frequency, and repeatable movement training, supporting
intensive and task-specific practice that facilitates neuroplastic changes and motor relearn-
ing [11,12]. These systems also support the development of individualized rehabilitation
protocols that can be adapted in real time based on patient progress. A key element con-
tributing to the success of these systems is the integration of real-time feedback mechanisms.
Visual, auditory, and haptic feedback modalities serve to increase patient engagement, fa-
cilitate motor correction, and reinforce attention and sensorimotor control. Prior studies
have demonstrated that feedback-based interventions lead to significant improvements
in upper-limb function, especially when delivered in conjunction with repetitive, bilateral
arm training, which promotes interhemispheric interaction and supports neuroplastic
adaptation [13].

Importantly, embedding these technologies within the framework of the International
Classification of Functioning, Disability and Health (ICF) allows for a more holistic and
patient-centered approach to rehabilitation. The ICF framework not only addresses impair-
ment reduction but also emphasizes activity participation, autonomy, and broader social
determinants of recovery, such as financial well-being and long-term support in chronic
stroke populations [14]. Collectively, these advancements highlight the critical need for the
development of accessible and user-centered rehabilitation technologies that incorporate
real-time feedback mechanisms, with the aim of optimizing both clinical effectiveness and
functional outcomes in real-world settings for individuals undergoing post-stroke recovery.
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This study aims to evaluate the effectiveness of a newly designed bilateral arm-
training device, the Arm Booster, in comparison to conventional training for improving
upper-limb function in chronic stroke patients. The Arm Booster allows patients to perform
repetitive, high-frequency arm movements through the self-directed, simultaneous use of
both arms. Designed to be user-friendly, simple, and accessible, the device seeks to expand
rehabilitation opportunities. By offering an affordable option for self-guided therapy, the
Arm Booster supports a return to functional independence and helps reduce the societal
burden associated with stroke-related disabilities.

2. Materials and Methods
2.1. Participants

This controlled trial study was designed to evaluate the effectiveness of bilateral
arm training in patients with chronic stroke over an 8-week period. Participants who
met the eligibility criteria were recruited from the Medical and Rehabilitation Center and
surrounding communities. The inclusion criteria were as follows: an age between 45 and
80 years; the first occurrence of stroke; a post-stroke duration of more than six months; a
mild-to-moderate level of upper-limb impairment (FMA 20-66 points) [15,16]; the ability to
sit independently for at least 30 min; the ability to understand and follow commands; and
a stable medical condition.

The exclusion criteria included neurological disorders other than stroke; musculoskele-
tal conditions affecting upper-limb or hand movements [17]; severe arm spasticity, defined
as a Modified Ashworth Scale (MAS) score greater than 3; a resting blood pressure ex-
ceeding 180/100 mmHg; Mini-Mental State Examination (MMSE) scores ≤14 for illiterate
individuals, ≤17 for those with primary education, and ≤24 for those with secondary edu-
cation; neglect or inattention to the contralateral side of the body; and current participation
in rehabilitation or treatment targeting upper-limb or hand function.

Participants were randomly assigned to one of two groups: the device group, which
received bilateral arm training with a novel machine; or the conventional group, which
performed the same exercises without the device.

The sample size was calculated based on data from a previous study by Sethy et al.
(2018) [18], using the Fugl-Meyer Assessment of the Upper Extremity (FMA-UE) and Motor
Activity Log (MAL) as primary outcomes. A two-tailed test with 95% confidence (Zα = 1.96)
and 80% power (Zβ = 0.84) was assumed. Using means and standard deviations from the
prior study (FMA-UE: µ0 = 44.78, µ1 = 36.92, σ = 3.22, d = 2.44; MAL: µ0 = 2.71, µ1 = 3.64,
σ = 0.60, d = 1.55), the required sample size was estimated. Accounting for a 20% dropout
rate, the final sample size was determined to be 18 participants (9 per group), based on the
outcome measure (MAL) that yielded the highest sample size requirement [18].

2.2. Device Description

An overview of the key components and mechanical design of the Arm Booster is pre-
sented in Figure 1. Additional technical details can be found in a previous publication [19].

The bilateral arm-training machine, the Arm Booster, is a dual-arm device designed for
upper-limb rehabilitation. It facilitates symmetrical movements by allowing the stronger
arm to assist the weaker arm in performing coordinated actions. The device is equipped
with sensors at both grip handles to measure the force exerted by each arm, enabling
real-time comparison of force output. This feedback is valuable for both patients and
physiotherapists, as it supports goal-oriented training by encouraging appropriate force
generation and controlled movement.
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Figure 1. The components, highlighting the key features of the new bilateral arm-training device.

The Arm Booster is a bilateral arm-training device developed to support upper-limb
rehabilitation in individuals with chronic stroke. The system comprises three primary
components: (1) a mechanical joint structure, (2) a sensor system, and (3) a processing and
display system.

The mechanical joint structure consists of eight connecting rods affixed to both bases
of the device, facilitating a predefined movement pattern that supports lifting and pressing
motions of the upper limbs. The ends of the rods are connected to springs that serve to
reduce the load on the grip handles by employing a counter-spring balance mechanism.
This mechanical system incorporates slide rails and belts that allow force and motion trans-
mission between the left and right grip handles, promoting symmetrical bimanual activity.

The sensor system is composed of force-detection sensors embedded within the grip
handles. These sensors are designed to accurately quantify the force exerted by each arm
during training. The real-time data provided by the sensors enable the monitoring of
bilateral performance, offering both patients and therapists valuable feedback regarding
force symmetry and engagement levels.

The processing and display system receives input from the force sensors, processes
the data, and converts it into a percentage representation of exertion for each arm. These
values are displayed in real time on an integrated screen, providing visual feedback that
encourages active participation and increased effort during training sessions.

Collectively, these integrated systems enable the Arm Booster to deliver a structured
and measurable rehabilitation experience. By combining mechanical assistance, sensor-
based feedback, and real-time performance monitoring, the device promotes motor control,
facilitates patient engagement, and assists therapists in tailoring interventions to individual
patient needs.
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2.3. Training Protocol
2.3.1. Device Group

Participants in the intervention group received bilateral upper-limb training using the
Arm Booster, a motion training device designed to facilitate symmetrical, high-repetition arm
movements. The program comprised six standardized exercises targeting major upper-limb
muscle groups: Horizontal shoulder abduction; elbow flexion; shoulder flexion; shoulder
external rotation with elbow flexion; shoulder extension with elbow flexion; and shoulder
flexion, abduction, and external rotation with supination. For each exercise, 32 repetitions
were performed per session, with three sessions per week over a period of eight weeks.

2.3.2. Control Group

Participants in the control group engaged in an exercise protocol identical to that of
the intervention group in terms of movement type, session frequency, and overall duration.
However, all training sessions were conducted without the use of assistive devices and were
exclusively administered under therapist supervision. In this context, “therapist-guided”
refers to individualized rehabilitation sessions provided by a licensed physiotherapist
employing manual facilitation techniques.

Each session involved hands-on therapeutic approaches designed to promote accurate
joint kinematics and correct maladaptive movement patterns. Throughout the intervention,
the physiotherapist delivered real-time qualitative feedback—including corrective verbal
instructions, postural adjustments, and, when necessary, physical assistance or resistance—
to facilitate task-oriented motor activities.

2.4. Outcome Measures

Pre- and post-intervention assessments were conducted using standardized, validated
tools to evaluate motor function, spasticity, and functional performance.

• Motor impairment and control were assessed using the Fugl-Meyer Assessment of the
Upper Extremity (FMA-UE), which includes subdomains for arm movement, wrist
movement, hand movement, coordination/speed, and a total score. The FMA-UE
demonstrates excellent inter-rater reliability (r = 0.98–0.995) [20].

• Muscle spasticity was evaluated using the Modified Ashworth Scale (MAS), a clinical
measure of resistance to passive movement. In this study, the MAS was applied
specifically to the elbow flexor muscle group, with emphasis on the biceps brachii
muscle, which is commonly affected in post-stroke upper-limb spasticity. Assessments
were performed by a trained physiotherapist at the elbow joint, both at baseline and
after the 8-week intervention. The MAS demonstrates excellent intra-rater reliability
for elbow flexors (r = 0.84) [21]. To explore whether the spasticity level affected
treatment outcomes, participants in the device group were further stratified into
two subgroups based on the MAS score: mild spasticity: MAS < 1+ (n = 5), and
moderate-to-severe spasticity: MAS ≤ 3 (n = 4).

• Functional performance in daily life was measured using the Motor Activity Log
(MAL), which includes two components: the Amount of Use (AOU) and the Quality
of Movement (QOM) scales. The AOU has high intra-rater reliability (r = 0.70–0.85),
and the QOM shows acceptable test–retest reliability (r = 0.61–0.71) [22].

2.5. Statistical Analysis

The required sample size was calculated based on data from a previous study [18].
Data were analyzed using the SPSS software (version 22.0). The Kolmogorov–Smirnov test
was applied to assess the normality of data distribution. Descriptive statistics were used
to summarize participant characteristics and baseline data. Baseline comparisons were
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conducted using independent Student’s t-tests and chi-square tests. A two-way mixed-
model ANOVA was used to analyze data for both within-group comparisons (pre- and
post-intervention) and between-group or subgroup comparisons. Statistical significance
was set at p < 0.05.

2.6. Ethical Considerations

The research protocol received ethical approval from the Human Research Ethics
Committee of Thammasat University (Science) (HREC-TUSc; COA No. 082/2564), and
informed consent was obtained from all participants. The study was registered with the
Thai Clinical Trials Registry (TCTR) under the registration number TCTR20211130004.

3. Results
3.1. General Characteristic of Participants

A total of 18 participants completed the study and were evenly allocated to the device
group (n = 9) and the conventional group (n = 9). No statistically significant differences
were observed between the groups at baseline in terms of age, gender, stroke duration, or
initial clinical scores. The detailed demographic and baseline characteristics are presented
in Table 1.

Table 1. Mean values, standard deviations, and percentages for general participant characteristics.

Characteristic
Conventional Group

(n = 9)
Mean ± SD

Device Group
(n = 9)

Mean ± SD
p-Value

Age (years) 65.33 ± 11.09 61.89 ± 5.62 0.418

Body mass index (kg/m2) 26.52 ± 4.91 27.48 ± 4.75 0.679

Duration of disease progression (years) 9 ± 5.81 6.34 ± 4.08 0.278

Characteristic n (%) n (%) p-Value

Gender
0.052- Male 4 (44.44) 8 (88.89)

- Female 5 (55.56) 1 (11.11)

Type of stroke
1.000- Ischemic stroke 9 (100) 9 (100)

- Hemorrhagic stroke - -

Weak side
0.372- Left 5 (55.56) 3 (33.33)

- Right 4 (44.44) 6 (66.67)

Dominant arm
0.539- Left 1 (11.11) 2 (22.22)

- Right 8 (88.89) 7 (77.78)

Modified Ashworth Scale (MAS) of the
biceps brachii muscle

0.75- Score of 1 3 (33.33) 3 (33.33)
- Score of 1+ 2 (22.22) 2 (22.22)
- Score of 2 3 (33.33) 2 (22.22)
- Score of 3 1 (11.11) 2 (22.22)

Spasticity level
1.000- Mild spasticity 5 (55.56) 5 (55.56)

- Moderate-to-severe spasticity 4 (44.44) 4 (44.44)
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3.2. Upper-Extremity Motor Impairment

Following the 8-week intervention, both groups demonstrated significant improve-
ments in upper-limb motor function as measured by the Fugl-Meyer Assessment of Up-
per Extremity (FMA-UE). However, the specific domains of improvement differed be-
tween groups:

• In the device group, significant improvements were observed in arm movement, hand
movement, and total FMA-UE score (p < 0.01).

• In the conventional group, significant gains were detected in arm movement (p < 0.05),
wrist movement (p < 0.01), coordination/speed (p < 0.01), and the total score (p < 0.01).

When participants were stratified by spasticity level (Modified Ashworth Scale), the
device group showed consistent improvements across both the mild and moderate-to-
severe subgroups. In particular, the following was found:

• Participants with mild spasticity exhibited significant increases in arm movement and
total FMA-UE score (p < 0.01).

• Those with moderate-to-severe spasticity also showed significant improvements in
arm movement (p < 0.01) and total score (p < 0.05).

In contrast, the conventional group with moderate-to-severe spasticity showed no
statistically significant changes in any FMA-UE subdomain. No significant between-group
differences were found within either spasticity subgroup (Table 2).

Table 2. Comparison of the impairment test results using the Fugl-Meyer Assessment of the Upper
Extremity (FMA-UE) before and after the 8-week training period, comparing the group trained by
physiotherapists (conventional group) and the group trained with the training device (device group).

Fugl-Meyer Assessment of
the Upper

Extremity (Scores)

Conventional Group Device Group

Total (n = 9)
Mild

Spasticity
(n = 5)

Moderate-to-
Severe

Spasticity
(n = 4)

Total (n = 9)
Mild

Spasticity
(n = 5)

Moderate-to-
Severe

Spasticity
(n = 4)

Upper
extremity (36)

Pre-test 24.11 ± 7.56 29.20 ± 5.93 17.75 ± 2.87 22.44 ± 5.175 26.00 ± 2.83 18.00 ± 3.65

Post-test 25.56 ± 7.89 * 31.00 ± 5.96 * 18.75 ± 2.75 26.11 ± 6.03 ** 30.60 ± 2.70 ** 20.50 ± 3.42 **

Mean
difference 1.44 ± 0.53 1.80 ± 0.03 1.00 ± 0.61 3.67 ± 0.53 4.60 ± 0.0002 2.50 ± 0.61

Wrist (10)

Pre-test 3.78 ± 2.99 5.6 ± 2.51 1.50 ± 1.73 3.89 ± 2.67 5.8 ± 1.64 1.50 ± 1.29

Post-test 4.44 ± 2.88 ** 6.4 ± 2.07 * 2.00 ± 1.41 4.11 ± 2.67 6 ± 1.58 1.75 ± 1.50

Mean
difference 0.67 ± 0.20 0.80 ± 0.3 0.50 ± 0.27 0.22 ± 0.20 0.20 ± 0.3 0.25 ± 0.27

Hand (14)

Pre-test 7.00 ± 4.58 10.0 ± 3.39 3.25 ± 2.63 7.33 ± 2.12 8.6 ± 1.82 5.75 ± 1.26

Post-test 7.44 ± 4.93 10.8 ± 3.42 3.25 ± 2.63 8.78 ± 3.03 ** 11.0 ± 2.00 ** 6.00 ± 0.82

Mean
difference 0.44 ± 0.44 0.80 ± 0.63 0.00 ± 0.18 1.44 ± 0.44 2.40 ± 0.63 0.25 ± 0.18

Coordination and
speed (6)

Pre-test 1.89 ± 0.93 1.6 ± 0.55 2.25 ± 0.48 2.22 ± 0.44 2.2 ± 0.45 2.25 ± 0.48

Post-test 2.78 ± 1.20 ** 2.6 ± 1.14 * 3.00 ± 0.60 2.78 ±0.97 2.8 ± 1.10 2.75 ± 0.60

Mean
difference 0.89 ± 0.30 1.00 ± 0.42 0.75 ± 0.49 0.56 ± 0.30 0.60 ± 0.42 0.50 ± 0.49

Total (66)

Pre-test 36.78 ± 14.05 46.4 ± 11.04 24.75 ± 2.51 35.89 ± 9.49 42.6 ± 5.32 27.5 ± 2.51

Post-test 40.22 ± 4.58 ** 50.8 ± 9.98 ** 27.00 ± 2.2 41.78 ± 1.13 ** 50.4 ± 4.51 ** 31.00 ± 2.2 *

Mean
difference 3.44 ± 0.92 4.40 ± 0.95 2.25 ± 1.19 5.89 ± 0.92 7.80 ± 0.95 3.50 ± 1.19

Notes: * indicates p < 0.05; ** indicates p < 0.01 compared to pre-training.

3.3. Muscle Spasticity

Muscle tone, assessed by the Modified Ashworth Scale (MAS), revealed differential
trends across groups:
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• In the mild spasticity subgroup, 20% of participants in both groups demonstrated
reductions in MAS scores post-intervention.

• In the moderate-to-severe subgroup, 50% of participants in the device group exhibited
reduced spasticity, compared to 25% in the conventional group.

Although these observations suggest a potential advantage of device-assisted training
for individuals with more pronounced spasticity, the between-group differences did not
reach statistical significance.

3.4. Functional Performance

Functional use of the paretic arm, assessed using the Motor Activity Log (MAL),
improved significantly in both groups:

• Among those with mild spasticity, both groups showed significant improvements on
the Amount of Use (AOU) and Quality of Movement (QOM) subscales (p < 0.01).

• In the moderate-to-severe spasticity subgroup, only the device group demonstrated
significant gains in both AOU and QOM (p < 0.01), while the conventional group
showed improvement in AOU alone (p < 0.05), with no significant change in QOM.

No statistically significant differences in MAL scores were found between the two
intervention groups post-assessment (Table 3).

Table 3. A comparison of paretic arm usage in daily activities using the Motor Activity Log (MAL) be-
fore and after the 8-week training period, and between the conventional group and the device group.

Motor Activity
Log (MAL)

Conventional Group Device Group

Mild Spasticity
(n = 5)

Moderate-to-
Severe Spasticity

(n = 4)
Mild Spasticity

(n = 5)
Moderate-to-

Severe Spasticity
(n = 4)

Amount of Use [AOU]
Pre-test 13.50 ± 15.26 28.60 ± 14.17 37.20 ± 13.18 10.50 ± 6.14

Post-test 16.75 ± 14.68 ** 38.0 ± 6.17 * 48.2 ± 11.17 ** 18.75 ± 4.57 **

Mean difference 3.25 ± 2.16 9.40 ± 1.93 11.00 ± 1.93 8.25 ± 2.16

Quality of
Movement [QOM]

Pre-test 14.00 ± 14.22 33.80 ± 21.25 45.20 ± 18.59 15.75 ± 12.55

Post-test 16.75 ± 13.25 ** 44.40 ± 20.42 56.40 ± 16.41 ** 23.5 ± 11.82 **

Mean difference 2.75 ± 2.19 10.60 ± 1.96 11.20 ± 1.96 7.75 ± 2.19

Notes: * indicates p < 0.05; ** indicates p < 0.01 compared to pre-training.

4. Discussion
The present study examined the effects of an 8-week bilateral arm-training program

using a bilateral arm-training machine in patients with chronic stroke. The findings demon-
strated improvements in upper-extremity impairment and motor ability in both the device
group and the conventional group. Although both groups showed positive outcomes,
notable differences were observed between the two approaches, particularly in terms of
motor function, spasticity reduction, and functional performance.

The improvements in motor function observed in this study are consistent with
previous evidence suggesting that bilateral arm-training facilitates more effective recovery
of proximal upper-limb function compared to unilateral training approaches [23]. This
may be due to the concept of interhemispheric rebalancing achieved through bilateral
symmetrical movements: increased activation in the lesioned hemisphere is associated
with improved motor control in the affected arm [24]. Furthermore, the reduction in
spasticity observed in this study is similar to previous findings, suggesting that structured
rehabilitation programs—including passive and active assisted movements—can facilitate
neuronal plasticity and reduce abnormal muscle tone [25].

Several studies have emphasized the importance of motor learning in post-stroke
rehabilitation. Carr and Shepherd (1987) [26] highlighted the critical role of repetitive prac-



Life 2025, 15, 994 9 of 13

tice in acquiring motor skills, supporting the current findings that repeated symmetrical
movements contribute to motor relearning and improved control. Furthermore, elec-
tromyography (EMG) studies have shown that bilateral movement training can facilitate
more stable motor unit recruitment, resulting in smoother and more coordinated muscle
activation patterns [27].

While these mechanisms provide plausible explanations for the observed improve-
ments, it is important to note that the present study did not include direct neurophysiologi-
cal assessments such as fNIRS, TMS, or EEG. Thus, the proposed mechanisms related to
neuroplasticity and interhemispheric rebalancing remain theoretical and are inferred from
the previous literature rather than directly measured outcomes. Future studies incorporat-
ing such neurophysiological measurements are warranted to validate and further elucidate
the neural mechanisms underlying the benefits of bilateral arm training.

4.1. Effects on Spasticity and Muscle Control

A notable finding in this study was the differential response to training between
patients with mild versus moderate-to-severe spasticity. In the mild spasticity subgroup,
both training methods resulted in significant improvements in muscle coordination and
function. This is consistent with previous studies demonstrating that active bilateral
movement can reduce maladaptive co-activation patterns and enhance motor control [8].

In contrast, participants with moderate-to-severe spasticity appeared to benefit more
from device-based training, which was associated with greater improvements in elbow
extension and shoulder stability. These trends did not reach statistical significance and
should be interpreted with caution. The findings are exploratory and warrant further inves-
tigation with adequately powered studies. These outcomes may be due to the mechanical
assistance provided by the device, which likely helped to prevent undesired synergistic
movements and enabled more isolated joint control.

The EMG analysis further supports this interpretation. Following the intervention, the
device-trained group exhibited more refined EMG activity, characterized by smoother and
more controlled activation patterns in the biceps brachii and infraspinatus muscles. These
findings suggest improved voluntary muscle control and are consistent with the principle
of motor unit synchronization, which posits that enhanced neuromuscular coordination
improves movement efficiency [28].

4.2. Functional Implications

The improvements in functional performance, as assessed by the Motor Activity Log
(MAL), suggest that enhanced muscle control translated into better real-world arm use.
Participants in the device group demonstrated increased engagement of the affected arm
in daily activities. This finding aligns with previous studies indicating that interventions
involving symmetrical arm movements promote spontaneous use of the paretic limb [8].
Additionally, the improvement in hand function—supported by the cylindrical grip com-
ponent of the training device—reinforces previous findings that task-specific grip exercises
can strengthen neuronal pathways related to manual dexterity.

Interestingly, the impact of hand dominance on rehabilitation outcomes also warrants
consideration. In the present study, participants with dominant-hand paresis exhibited
greater improvements compared to those with non-dominant-hand involvement. This
observation is consistent with Harris and Eng (2007) [29], who suggested that the dominant
hand benefits from stronger neural representation, which may enhance recovery through
more robust recruitment of residual motor pathways.

The Arm Booster device demonstrated notable efficacy in reducing upper-extremity
impairments, particularly among participants with moderate-to-severe spasticity. While
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the conventional group showed statistically significant improvements in wrist motion
and coordination/speed, these changes were not observed in the device group for the
same measures. These improvements may reflect the benefits of therapist-guided adaptive
training, which can be adjusted according to each participant’s abilities. However, the
device group exhibited exclusive improvements in upper-extremity movement among
those with higher spasticity levels. These findings suggest that the mechanical assistance
and structured movement patterns provided by the device may offer greater benefit to
individuals with more severe motor deficits.

Among participants with mild spasticity, the device group showed more pronounced
post-training improvements in wrist motion and coordination/speed in the conventional
group. This may reflect the benefit of physiotherapist-guided training, which incorporates
hands-on techniques to guide correct movement patterns and reduce abnormal muscle tone.
Physiotherapist-led sessions are designed to facilitate desired movements while inhibiting
compensatory or maladaptive ones, thereby enhancing motor control and movement learning.

In contrast, the device group relied on self-directed movement control during repetitive
tasks in various postural configurations. This active engagement likely contributed to
neuroplastic changes through task-specific motor learning. The requirement for patients
to control their movements independently may have promoted reorganization of motor
pathways, supporting improvements in upper-limb and hand function. Notably, the
device’s use of three-axis load cell sensors at the grip handles allowed for force feedback,
encouraging precise and controlled movement. These features may have contributed to the
observed improvements in movement quality and functional use of the affected limb.

4.3. Strengths, Limitations, and Future Directions

A major strength of this study is the comparison of two rehabilitation approaches in
patients with chronic stroke with varying levels of spasticity. The inclusion of the EMG
analysis provided objective evidence of neuromuscular changes, contributing to a deeper
understanding of motor recovery mechanisms.

However, several limitations should be acknowledged. First, the device used in this
study did not fully target distal-limb movements, potentially limiting its effect on fine motor
control. Second, although real-time feedback was incorporated into the training protocol,
future refinements of the device could include adaptive resistance features to enhance
force modulation during movement. Third, the use of self-reported function scores, while
clinically relevant, may introduce subjectivity in the assessment of motor improvements.

Another methodological limitation is the reliance on unadjusted mean differences
without reporting effect sizes or using adjusted statistical techniques (e.g., ANCOVA or
correction for multiple comparisons). This may limit the interpretability and generaliz-
ability of the findings, especially given the small sample size in the subgroup analyses.
Future studies should incorporate these statistical methods to strengthen the reliability of
the results.

Further research should investigate the long-term retention of training benefits and
evaluate whether combining bilateral training with adjunctive therapies—such as func-
tional electrical stimulation or virtual reality-based rehabilitation—could produce greater
functional benefits. Additionally, individualized training protocols tailored to the severity
of initial impairment should be explored to further optimize rehabilitation outcomes.

4.4. Clinical Significance

The analysis of total FMA-UE scores post-training among participants in the device
group with mild spasticity revealed statistically significant improvements. When compared
to the minimal clinically important difference (MCID) of 5.25 points, both the device and
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conventional groups exceeded this threshold, indicating clinically meaningful improve-
ments in upper-limb function [30].

For participants with moderate-to-severe spasticity, the device appeared to reduce
upper-extremity movement impairment. The device facilitates elbow extension through
a mechanical lever system that includes power-assisted movement. This feature may
help overcome reciprocal inhibition, a mechanism in which increased tone in the biceps
brachii suppresses the activation of the extensor muscles. By promoting elbow extension
and supporting sagittal plane movements—such as shoulder flexion—the device helps
patients counteract gravitational forces, reduce abnormal co-contraction, and improve
movement control.

Spasticity scores showed a reduction of 50% in the device group compared to 25% in
the conventional group, suggesting a greater impact of device-assisted training on spasticity
reduction. This may be due to the resistance generated by the biceps brachii during device-
guided movements, which has been shown to influence spasticity positively [31]. Resistance
training, that strengthens weakened muscles, is a well-recognized strategy in spasticity
management [32].

Functional performance, as assessed by the Motor Activity Log (MAL), improved in
both groups among participants with mild spasticity. These improvements may reflect
reductions in motor impairment, leading to enhanced muscle coordination and control,
which in turn support the better execution of functional tasks [33]. For participants with
moderate-to-severe spasticity in the device training group, MAL scores also improved,
indicating meaningful functional gains following the intervention.

Overall, the findings underscore the potential of the Arm Booster device to enhance re-
habilitation outcomes for individuals with upper-limb impairments, particularly those with
moderate-to-severe spasticity. The device’s ability to provide structured movement patterns
and mechanical assistance appears especially beneficial for this subgroup, emphasizing the
importance of individualized and targeted rehabilitation strategies.

Additionally, the observed improvements in wrist motion and coordination/speed
within the device group suggest that integrating such technology into conventional reha-
bilitation programs may yield substantial benefits—particularly when combined with the
clinical expertise of physiotherapists.

The clinical relevance of these improvements, as reflected by the minimal clinically
important difference (MCID) scores, reinforces the device’s value in achieving meaningful
functional gains. Moreover, the observed reduction in spasticity scores highlights the
device’s potential role in managing muscle tone, which is critical for enhancing movement
control and minimizing the impact of spasticity on daily activities.

5. Conclusions
This study provides preliminary evidence supporting the utility of the Arm Booster, a

novel bilateral training device, in enhancing upper-limb motor outcomes in individuals
with chronic stroke. Both device-assisted and conventional physiotherapy programs re-
sulted in clinically meaningful improvements in motor function; however, the device group
demonstrated additional advantages in managing spasticity and improving neuromuscular
control, particularly in participants with moderate-to-severe impairment.

Importantly, the findings underscore the potential role of structured, self-directed,
and high-repetition training in stroke rehabilitation. The use of sensor-based feedback and
symmetrical movement patterns may offer unique benefits for promoting motor relearning
and functional use of the affected limb. While these results are promising, the small sample
size necessitates caution in generalizing the findings. Further large-scale, longitudinal
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studies are warranted to confirm these effects, explore long-term functional gains, and
assess the integration of the device into multimodal rehabilitation strategies.

In summary, the Arm Booster may serve as a practical adjunct to traditional rehabilita-
tion by facilitating patient engagement, supporting neuroplastic adaptation, and expanding
access to task-specific training in individuals with chronic stroke.

Author Contributions: Conceptualization, T.W., B.R. and P.K.; methodology, T.W., B.R. and P.K.;
validation, B.R. and P.K.; formal analysis, T.W. and P.K.; investigation, T.W.; resources, P.K.; data
curation, T.W. and P.K.; writing—original draft preparation, T.W.; writing—review and editing, T.W.,
P.T.E. and P.K.; visualization, T.W.; supervision, P.K.; project administration, P.K.; funding acquisition,
B.R. and P.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Research Council of Thailand (NRCT) under grant
number N34A650704 and the doctoral funding from Thammasat University (2019).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Human Research Ethics Committee of Thammasat University
(Science: COA No. 047/2564 and date of approval: 9 August 2021). The clinical trial registration
number is TCTR20211130004 (Date of registration: 24 November 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The Faculty of Engineering and the Faculty of Allied Health Sciences, Tham-
masat University, are gratefully acknowledged for providing access to facilities and equipment. The
present study was originally conducted as part of Wongwatcharanon’s doctoral thesis at Tham-
masat University.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Langhorne, P.; Coupar, F.; Pollock, A. Motor recovery after stroke: A systematic review. Lancet Neurol. 2009, 8, 741–754. [CrossRef]

[PubMed]
2. Parker, J.; Powell, L.; Mawson, S. Effectiveness of Upper Limb Wearable Technology for Improving Activity and Participation in

Adult Stroke Survivors: Systematic Review. J. Med. Internet Res. 2020, 22, e15981. [CrossRef] [PubMed]
3. Keppel, C.; Crowe, S. Changes to Body Image and Self-esteem following Stroke in Young Adults. Neuropsychol. Rehabil. 2000, 10,

15–31. [CrossRef]
4. Wyller, T.B.; Sveen, U.; Sødring, K.M.; Pettersen, A.M.; Bautz-Holter, E. Subjective well-being one year after stroke. Clin. Rehabil.

1997, 11, 139–145. [CrossRef]
5. Pollock, A.; Farmer, S.E.; Brady, M.C.; Langhorne, P.; Mead, G.E.; Mehrholz, J.; van Wijck, F. Interventions for improving upper

limb function after stroke. Cochrane Database Syst. Rev. 2014, 2014, Cd010820. [CrossRef]
6. Han, K.J.; Kim, J.Y. The effects of bilateral movement training on upper limb function in chronic stroke patients. J. Phys. Ther. Sci.

2016, 28, 2299–2302. [CrossRef]
7. Akremi, H.; Higgins, J.; Aissaoui, R.; Nadeau, S. Bilateral motor coordination during upper limb symmetric pushing movements

at two levels of force resistance in healthy and post-stroke individuals. Hum. Mov. Sci. 2022, 81, 102913. [CrossRef]
8. McCombe Waller, S.; Whitall, J. Bilateral arm training: Why and who benefits? NeuroRehabilitation 2008, 23, 29–41. [CrossRef]

[PubMed]
9. Sainburg, R.; Good, D.; Przybyla, A. Bilateral Synergy: A Framework for Post-Stroke Rehabilitation. J. Neurol. Transl. Neurosci.

2013, 1, 1025.
10. Gnanaprakasam, A.; Karthikbabu, S.; Ravishankar, N.; Solomon, J.M. Effect of task-based bilateral arm training on upper limb

recovery after stroke: A systematic review and meta-analysis. J. Stroke Cerebrovasc. Dis. 2023, 32, 107131. [CrossRef]
11. Rajashekar, D.; Boyer, A.; Larkin-Kaiser, K.A.; Dukelow, S.P. Technological Advances in Stroke Rehabilitation: Robotics and

Virtual Reality. Phys. Med. Rehabil. Clin. N. Am. 2024, 35, 383–398. [CrossRef]

https://doi.org/10.1016/S1474-4422(09)70150-4
https://www.ncbi.nlm.nih.gov/pubmed/19608100
https://doi.org/10.2196/15981
https://www.ncbi.nlm.nih.gov/pubmed/31913131
https://doi.org/10.1080/096020100389273
https://doi.org/10.1177/026921559701100207
https://doi.org/10.1002/14651858.CD010820.pub2
https://doi.org/10.1589/jpts.28.2299
https://doi.org/10.1016/j.humov.2021.102913
https://doi.org/10.3233/NRE-2008-23104
https://www.ncbi.nlm.nih.gov/pubmed/18356587
https://doi.org/10.1016/j.jstrokecerebrovasdis.2023.107131
https://doi.org/10.1016/j.pmr.2023.06.026


Life 2025, 15, 994 13 of 13

12. Klamroth-Marganska, V. Stroke Rehabilitation: Therapy Robots and Assistive Devices. Adv. Exp. Med. Biol. 2018, 1065, 579–587.
[CrossRef] [PubMed]

13. Subramanian, S.K.; Massie, C.L.; Malcolm, M.P.; Levin, M.F. Does provision of extrinsic feedback result in improved motor
learning in the upper limb poststroke? A systematic review of the evidence. Neurorehabilit. Neural Repair 2010, 24, 113–124.
[CrossRef] [PubMed]

14. Marotta, N.; Ammendolia, A.; Marinaro, C.; Demeco, A.; Moggio, L.; Costantino, C. International Classification of Functioning,
Disability and Health (ICF) and correlation between disability and finance assets in chronic stroke patients. Acta Biomed. 2020, 91,
e2020064. [CrossRef]

15. Lum, P.S.; Burgar, C.G.; Shor, P.C.; Majmundar, M.; Van der Loos, M. Robot-assisted movement training compared with
conventional therapy techniques for the rehabilitation of upper-limb motor function after stroke. Arch. Phys. Med. Rehabil. 2002,
83, 952–959. [CrossRef]

16. Sanford, J.; Moreland, J.; Swanson, L.R.; Stratford, P.W.; Gowland, C. Reliability of the Fugl-Meyer assessment for testing motor
performance in patients following stroke. Phys. Ther. 1993, 73, 447–454. [CrossRef] [PubMed]

17. Bohannon, R.W.; Smith, M.B. Interrater reliability of a modified Ashworth scale of muscle spasticity. Phys. Ther. 1987, 67, 206–207.
[CrossRef]

18. Sethy, D.; Sahoo, S.; Kujur, E.; Bajpai, P. Stroke upper extremity rehabilitation: Effect of bilateral arm training. Int. J. Health Allied
Sci. 2018, 7, 217–221.

19. Wongwatcharanon, T.; Kiatchaipar, M.; Pinupong, C.; Kooncumchoo, P.; Rungroungdouyboon, B. Design and Evaluation of
4-DoF Machine for Improving Muscle Control and Upper Extremity Rehabilitation. Philipp. J. Sci. 2023, 152, 2175–2187. [CrossRef]

20. Duncan, P.W.; Propst, M.; Nelson, S.G. Reliability of the Fugl-Meyer Assessment of Sensorimotor Recovery Following Cerebrovas-
cular Accident. Phys. Ther. 1983, 63, 1606–1610. [CrossRef]

21. Gregson, J.M.; Leathley, M.; Moore, A.P.; Sharma, A.K.; Smith, T.L.; Watkins, C.L. Reliability of the Tone Assessment Scale and
the modified Ashworth scale as clinical tools for assessing poststroke spasticity. Arch. Phys. Med. Rehabil. 1999, 80, 1013–1016.
[CrossRef] [PubMed]

22. van der Lee, J.H.; Beckerman, H.; Knol, D.L.; de Vet, H.C.; Bouter, L.M. Clinimetric properties of the motor activity log for the
assessment of arm use in hemiparetic patients. Stroke 2004, 35, 1410–1414. [CrossRef]

23. Hesse, S.; Schmidt, H.; Werner, C.; Bardeleben, A. Upper and lower extremity robotic devices for rehabilitation and for studying
motor control. Curr. Opin. Neurol. 2003, 16, 705–710. [CrossRef]

24. Stinear, C.M.; Petoe, M.A.; Byblow, W.D. Primary Motor Cortex Excitability During Recovery After Stroke: Implications for
Neuromodulation. Brain Stimul. 2015, 8, 1183–1190. [CrossRef]

25. Do, J.-H.; Yoo, E.-Y.; Jung, M.-Y.; Park, H.Y. The effects of virtual reality-based bilateral arm training on hemiplegic children’s
upper limb motor skills. NeuroRehabilitation 2016, 38, 115–127. [CrossRef] [PubMed]

26. Ashburn, A. Book reviews: Carr J and Shepherd R 1987: A motor relearning programme for stroke (second edition). London:
William Heinemann Medical Books. 208pp. £24.95. Clin. Rehabil. 1988, 2, 82–83. [CrossRef]

27. Kelso, J.A.; Southard, D.L.; Goodman, D. On the nature of human interlimb coordination. Science 1979, 203, 1029–1031. [CrossRef]
28. Stoykov, M.E.; Corcos, D.M. A review of bilateral training for upper extremity hemiparesis. Occup. Ther. Int. 2009, 16, 190–203.

[CrossRef]
29. Harris, J.E.; Eng, J.J. Paretic upper-limb strength best explains arm activity in people with stroke. Phys Ther. 2007, 87, 88–97.

[CrossRef]
30. Page, S.J.; Fulk, G.D.; Boyne, P. Clinically important differences for the upper-extremity Fugl-Meyer Scale in people with minimal

to moderate impairment due to chronic stroke. Phys. Ther. 2012, 92, 791–798. [CrossRef]
31. Ada, L.; Dorsch, S.; Canning, C.G. Strengthening interventions increase strength and improve activity after stroke: A systematic

review. Aust. J. Physiother. 2006, 52, 241–248. [CrossRef] [PubMed]
32. Morris, S.L.; Dodd, K.J.; Morris, M.E. Outcomes of progressive resistance strength training following stroke: A systematic review.

Clin. Rehabil. 2004, 18, 27–39. [CrossRef] [PubMed]
33. Taub, E.; Uswatte, G. Constraint-induced movement therapy: A family of neurorehabilitation treatments that harnesses the

plasticity of the central nervous system. Neurol. Rehabil. 2013, 19, 161–175.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/978-3-319-77932-4_35
https://www.ncbi.nlm.nih.gov/pubmed/30051408
https://doi.org/10.1177/1545968309349941
https://www.ncbi.nlm.nih.gov/pubmed/19861591
https://doi.org/10.23750/abm.v91i3.8968
https://doi.org/10.1053/apmr.2001.33101
https://doi.org/10.1093/ptj/73.7.447
https://www.ncbi.nlm.nih.gov/pubmed/8316578
https://doi.org/10.1093/ptj/67.2.206
https://doi.org/10.56899/152.6A.12
https://doi.org/10.1093/ptj/63.10.1606
https://doi.org/10.1016/S0003-9993(99)90053-9
https://www.ncbi.nlm.nih.gov/pubmed/10489001
https://doi.org/10.1161/01.STR.0000126900.24964.7e
https://doi.org/10.1097/00019052-200312000-00010
https://doi.org/10.1016/j.brs.2015.06.015
https://doi.org/10.3233/NRE-161302
https://www.ncbi.nlm.nih.gov/pubmed/26923353
https://doi.org/10.1177/026921558800200116
https://doi.org/10.1126/science.424729
https://doi.org/10.1002/oti.277
https://doi.org/10.2522/ptj.20060065
https://doi.org/10.2522/ptj.20110009
https://doi.org/10.1016/S0004-9514(06)70003-4
https://www.ncbi.nlm.nih.gov/pubmed/17132118
https://doi.org/10.1191/0269215504cr699oa
https://www.ncbi.nlm.nih.gov/pubmed/14763717

	Introduction 
	Materials and Methods 
	Participants 
	Device Description 
	Training Protocol 
	Device Group 
	Control Group 

	Outcome Measures 
	Statistical Analysis 
	Ethical Considerations 

	Results 
	General Characteristic of Participants 
	Upper-Extremity Motor Impairment 
	Muscle Spasticity 
	Functional Performance 

	Discussion 
	Effects on Spasticity and Muscle Control 
	Functional Implications 
	Strengths, Limitations, and Future Directions 
	Clinical Significance 

	Conclusions 
	References

