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ABSTRACT ARTICLE HISTORY

Aim: Although the effectiveness of robot-assisted gait training Received 4 September 2025
(RAGT) in stroke has been reported, evidence in adolescents with Accepted 13 November 2025
childhood-onset stroke remains limited. This study reports the safety
and clinical efficacy of RAGT using a robotized knee-ankle-foot orth-
osis in two adolescents with different gait patterns.

Methods: Case 1 (female, 15 years; Fugl-Meyer Assessment of Lower
Extremity (FMA L/E) score 24) had moderate motor paralysis and
walked with a short leg brace and cane, showing an extension-thrust
pattern. Case 2 (male, 18 years; FMA L/E 26) used a short leg brace
and demonstrated a stiff-knee gait. Both underwent 10 sessions of
RAGT over 3 weeks. Comfortable and maximum gait speeds (10-m
walking test), gait endurance (6-min walking test), gait symmetry
(swing time ratio and normalized cross-correlation of knee joint
angles), and safety were assessed pre- and post-intervention.
Results: Both participants completed RAGT safely. Comfortable gait
speed improved from 0.78 to 0.99 m/s in case 1 and from 0.98 to
1.36 m/s in case 2. Improvements were observed in gait symmetry
and kinematics, with partial correction of abnormal gait.

Conclusion: RAGT can be safely applied in adolescents with childhood-
onset stroke and may contribute to improved gait performance and
gait pattern.

KEYWORDS
Childhood-onset stroke; gait
pattern; robot-assisted gait
training

Childhood-onset stroke affects an estimated 1-6 per 100,000 children annually (Agrawal
et al., 2009; Laugesaar et al., 2010), representing a significant pediatric neurological con-
dition. Many survivors live with long-term disabilities (Kirton & deVeber, 2015), among
which gait impairments due to motor dysfunction are particularly common and affect
independence and quality of life (deVeber et al., 2000; Hill et al., 2023). Rehabilitation
aimed at improving gait is, therefore, essential (Jang, 2010).
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Abnormal gait is frequently addressed in post-stroke rehabilitation (Prosser et al,
2022), with distinctive patterns often seen in the affected knee joint (De Quervain et al,,
1996; Mulroy et al., 2003). These include stiff-knee (excessive knee flexion) and exten-
sion thrust (excessive extension) patterns during stance (De Quervain et al., 1996),
which can impair gait speed and balance (Mulroy et al., 2003), increase energy expend-
iture (Bleyenheuft et al., 2010), and lead to joint pain or deformity (Cooper et al., 2012;
Mao et al, 2015). Similar abnormalities have been reported in young patients with
childhood-onset stroke, contributing to asymmetry and limited mobility (Elnaggar et al.,
2022; Hausdorff et al., 1999; Prosser et al., 2010, 2022).

Robot-assisted gait training (RAGT) has emerged as a promising strategy to deliver
repetitive, task-specific lower-limb training (Chang & Kim, 2013; Nedergéird et al.,
2021). While it has shown benefits in improving gait speed and independence in adult
patients with stroke (Mehrholz et al., 2020), its impact on abnormal gait patterns, par-
ticularly at the knee, remains unclear (Chen et al., 2024; De Luca et al., 2019).

In both pediatric and adult populations with acquired brain injury, RAGT has
improved gait speed, stride length, and cadence, even in chronic phases (Druzbicki
et al., 2013; Meyer-Heim et al., 2009; Volpini et al., 2022). Multi-joint robotic systems
have enhanced gait symmetry and hip motion (Beretta et al., 2015, 2020), yet their effect
on knee symmetry in young patients with chronic stroke is underexplored (Beretta
et al., 2020).

Recently, RAGT systems capable of assisting multiple joints simultaneously, rather
than single-joint support, have been reported to improve gait speed and endurance
(Chen et al., 2024). Our group developed a multi-joint robotic orthosis using pneumatic
artificial muscles (PAMs) to assist knee and ankle movements. This system generates
higher torque and smoother support than conventional devices (Noda et al., 2018) and
may inhibit knee hyperextension in adults with chronic stroke (Kamimoto et al., 2023;
Takahashi et al., 2023).

Despite the diversity of abnormal gait patterns observed in young patients with
childhood-onset stroke, limited evidence exists regarding the use of RAGT to address
these specific impairments. In particular, the effects of RAGT on knee joint kinematics
have not been sufficiently examined despite their importance in gait classification and
rehabilitation planning. Therefore, this case report presents the safety and clinical effects
of RAGT using a robotic knee-ankle orthosis in two young patients with childhood-
onset stroke exhibiting distinct gait abnormalities.

Methods
Participants

Case 1 was a 15-year-old female who developed a cerebral hemorrhage in the left
internal capsule to thalamus due to a ruptured arteriovenous malformation (AVM) at
the age of 11. She was admitted to our hospital for rehabilitation 38 months after onset.
She presented with moderate motor paralysis, with a Fugl-Meyer Assessment of Lower
Extremity (FMA L/E) score of 24, and had no cognitive impairment affecting daily life.
She attended a special-needs school and used a four-point cane and short leg brace
indoors to walk independently, and was able to move outdoors using a wheelchair.
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When using the cane and brace, she was able to walk outdoors under supervision,
although long-distance walking was difficult. Her gait exhibited an extension thrust pat-
tern (De Quervain et al., 1996).

Case 2 was an 18-year-old male who experienced a right subcortical hemorrhage
from a ruptured AVM at the age of 14 and was admitted 43 months after onset for
rehabilitation. He also presented with moderate motor paralysis (FMA L/E score: 26)
and no cognitive impairment. He was enrolled in a regular high school and planned to
attend college. He was able to walk independently indoors without assistive devices, and
for outdoor mobility, he used a short leg brace and was also able to ambulate independ-
ently. His gait demonstrated a stiff-knee pattern (De Quervain et al., 1996).

This study was conducted in accordance with the Declaration of Helsinki and
received approval from the Institutional Review Board of Keio University Hospital
(approval number: 20190246). The study protocol was registered in the UMIN Clinical
Trials Registry (UMIN-CTR; ID: UMIN000039299) on 29 January 2020. Written
informed consent was obtained from the patients and their guardians for the publica-
tion of the case details. This case report was prepared in accordance with the CARE
guidelines (Riley et al., 2017).

Clinical and Gait Assessments

All assessments were conducted the day before the start of the intervention and again
on the day following its completion. During assessments, case 1 wore a plastic ankle-
foot orthosis (AFO), whereas case 2 walked without any assistive device; no physical
assistance was provided by therapists. The primary outcomes were comfortable and
maximum gait speeds, assessed using the 10-m walking test (10MWT) (Collen et al.,
1990); temporal gait symmetry, calculated using swing time ratios (SR), where a value
of 1 indicated perfect symmetry (Patterson et al., 2010); and kinematic gait symmetry,
assessed using normalized cross-correlation (NCC) values derived from knee joint
angle waveforms (Gouwanda & Senanayake, 2011). The secondary outcomes included
gait endurance, measured by the 6-minute walk test (6MWT) (Geiger et al., 2007),
and gait coordination, assessed using the Gait Assessment and Intervention Tool
(G.ALT.) (Daly et al, 2009). This tool evaluates coordinated gait components in
patients with stroke, and scoring was performed by an examiner reviewing video
recordings. The maximum score is 62 points, with lower scores indicating better per-
formance. Additionally, muscle tone of the gastrocnemius muscle was assessed using
the Modified Ashworth Scale (MAS), and isolated motor control was evaluated using
the FMA L/E.

Data Collection and Analysis

Kinematic data collection and analysis procedures were as follows. Lower-limb kine-
matic data were obtained using a three-dimensional motion capture system (Vicon,
Oxford, UK). Sixteen reflective markers were attached bilaterally to anatomical land-
marks, including the pelvis, lower limbs, and feet. Motion data were collected at 100 Hz
across five gait cycles and time-normalized to represent 0-100% of the gait cycle.
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The mean knee joint angle was calculated at each of 101 time points across the cycle.
All kinematic data, including SR and NCC values, were analyzed using MATLAB
(MathWorks, Natick, MA).

Intervention: Robot-Assisted Gait Training

A robotized knee-ankle-foot orthosis (KAFO), developed by the Advanced
Telecommunications Research Institute International (ATR, Kyoto, Japan), was used.
The device comprises four main components: a metal-supported exoskeleton body,
PAM actuators, an operation computer, and a control computer. The PAMs provide
assistive torque for knee flexion/extension and ankle plantarflexion/dorsiflexion, and the
assistance parameters can be individually adjusted according to the patient’s gait pattern
to facilitate more physiological movement (Figure 1).

Previous studies have suggested that this system may help correct gait abnormalities
such as stiff-knee and extension thrust patterns (Noda et al., 2018; Takahashi et al.,
2023). Detailed descriptions of the device’s structure and control mechanisms are avail-
able in prior studies (Noda et al., 2018; Takahashi et al., 2023).

Based on previous evidence suggesting effectiveness with 10 sessions of RAGT
(Hornby et al., 2008; Kang et al.,, 2021; Lewek et al., 2009), training was conducted for
30 min per session, 2-3 times per week, over 3 weeks (total: 10 sessions). Because the
robotic orthosis was designed for treadmill-based gait training, all sessions were con-
ducted on a treadmill, which enabled a higher training dose through repetitive, task-
specific stepping with precise speed control and safe monitoring (Klassen et al., 2020;
Mehrholz et al, 2017). An unloading device supported approximately 20% of body
weight at the beginning, with gradual reduction. Visual feedback via a full-length mirror
was provided. Treadmill speed was initially set to match the participant’s comfortable
overground gait speed and was gradually increased if gait was stable for at least 30s.
The final speed from the previous session was used as the starting speed in the subse-
quent session. Patients were instructed throughout to facilitate adaptation to the robotic
assistance.

The safety review was based on safety assessments developed in previous studies
and was assessed daily at the time of the intervention (see previous study for details)
(Takahashi et al., 2023). The assessment consisted of three parts: before training
(physical condition and risk assessment of robot wearing), during training (unex-
pected assistance, pain, or excessive motion), and after training (skin condition, vital
signs such as blood pressure and pulse rate, and subjective fatigue). Physicians and
physiotherapists performed these checks to ensure participant safety throughout all
sessions.

Case 1, presenting with an extension thrust pattern, received knee flexion and ankle
dorsiflexion assistance during stance, and ankle dorsiflexion assistance during swing.
Case 2, with a stiff-knee pattern, was trained with knee extension and plantarflexion
assistance during stance. Robotic assistance supported correction of abnormal gait pat-
terns and facilitated gait patterns closer to normal. The system monitored joint angles
in real time and adapted the assistance accordingly. As patients’ control improved,
assistance levels were gradually reduced and treadmill speed was progressively increased.
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Nested chamber Pneumatic Artificial Muscles (NcPAMSs)

il

Figure 1. Robotic apparatus. The apparatus comprises an orthosis, modular exoskeletal joints, nested
chamber pneumatic artificial muscles (NcPAMs), and a control personal computer. The NcPAMs unit is
mounted on the patient’s back and supported by a body-weight support device. The four PAMs aid
in knee flexion and extension, ankle dorsiflexion, and plantarflexion.

Results
Safety of Robot-Assisted Gait Training

Both participants completed the intervention without adverse events. Vital signs—
including heart rate, blood pressure, and oxygen saturation—remained stable, and nei-
ther reported fatigue or discomfort. No skin irritation, pressure sores, or device-related
pain were observed. Throughout the training, physicians and physiotherapists super-
vised sessions to ensure safety. The device’s built-in features, including an emergency
stop and adjustable assistance levels, helped prevent excessive joint loading. Post-
intervention evaluations confirmed no delayed adverse effects or gait instability.

Clinical and Gait Assessments

Table 1 summarizes the outcomes. Comfortable gait speed improved in both cases (case 1:
0.78-0.99 m/s; case 2: 0.98-1.36 m/s), as did maximum gait speed (case 1: 1.17-1.10 m/s;
case 2: 1.66-1.93 m/s). G.A.LT. scores decreased, indicating better gait patterns (case 1: 19—
12 points; case 2: 23-15 points). Gait endurance increased in case 2 (450-514 m) but
decreased slightly in case 1 (404-374 m). Temporal symmetry improved (case 1: 1.28-1.12;
case 2: 1.27-1.19), as did kinematic symmetry based on knee joint angles (case 1: 0.83-0.94;
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Table 1. Clinical and gait assessments pre- and post-intervention for each case.

Case 1 Case 2
Clinical and gait measures Pre Post Pre Post
Fugl-Meyer Assessment of Lower Extremity (points) 24 24 26 26
Modified Ashworth Scale - gastrocnemius (points) 14 1+ 1 1
Comfortable gait speed (m/s) 0.78 0.99 0.98 1.36
Maximum gait speed (m/s) 1.17 1.10 1.66 1.93
6-minute walk test (m) 404 374 450 514
Gait Assessment and Intervention Tool (point) 19 12 23 15
Swing time ratios 1.28 1.12 1.27 1.19
Normalized cross-correlation of the knee joint 0.83 0.94 0.74 0.85
50, Casep:e 50 CaseprZe
post post
40 40
g 30 é‘ 30
i; % ? 2 13.77 £ 0.82
-;g—, 10 ‘z‘)‘ ol S N S
£ , 21's 4,56
0 20 40 60 80 100 0 20 40 60 80 100
gait cycle(%) gait cycle(%)
=10, -10
(A) (B)

Figure 2. Changes in the knee joint angle on the affected side before and after RAGT for each case.
(A) Case 1 and (B) case 2. The light gray line represents the knee joint angle before intervention, and
the dark gray line represents the knee joint angle after intervention. The dashed line indicates the
peak knee extension angle before intervention, and the solid line indicates the peak knee extension
angle after intervention. Each curve represents the mean knee joint angle calculated across five gait
cycles.

case 2: 0.74-0.85). The FMA L/E and MAS scores showed no remarkable changes between
the pre- and post-training sessions in either case.

Changes in knee joint motion are presented in Figure 2. In case 1, hyperextension during
stance was slightly reduced (from —15.25° + 0.42° to —14.53° + 0.12°), suggesting a modest
tendency toward correction of the extension thrust pattern. In case 2, knee extension during
stance showed a change (from 13.77° + 0.82° to 8.21° * 4.56°), indicating a possible shift
toward a more typical mid-stance pattern. However, the knee was in a flexed position but
showed insufficient flexion at the end of stance in case 1, and mild hyperextension persisted
at initial contact in case 2. Supplementary material include hip and ankle kinematics pre-
and post-intervention, further illustrating changes associated with RAGT.

Discussion

The findings from the two cases suggest that adolescents with childhood-onset stroke
can safely perform RAGT, which may contribute to increased gait speed and improve-
ment. The gait-assisted robot used was able to address two distinct abnormal gait pat-
terns by individually adjusting the assist power and timing for the knee and ankle
joints. Both cases showed an improvement in gait speed, exceeding the minimal
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clinically important difference (MCID) of 0.16-0.18 m/s reported in previous studies
(Tilson et al., 2010). RAGT has been shown to improve gait speed in stroke patients,
and similar results were observed in young adults with childhood-onset stroke (Calabro
et al., 2021; Nedergérd et al., 2021).

Both cases showed changes in swing time symmetry and affected-side knee joint
angles, consistent with previous studies reporting improved gait patterns in patients
with chronic stroke following RAGT (Takahashi et al., 2023). A previous study using
the Lokomat (Hocoma AG, Zurich, Switzerland) in young adults with childhood-onset
stroke reported improved hip motion during gait (Beretta et al.,, 2015). While our find-
ings similarly showed kinematic improvements, they differed in that they showed
improvement in knee joint motion, a common abnormality in patients with stroke.

In case 1, an extension thrust pattern was addressed with knee flexion and ankle
dorsiflexion assist during stance and ankle dorsiflexion assist during swing. In case 2, a
stiff-knee pattern was managed with knee extension and plantarflexion assist during
stance. In both cases, assist levels were gradually reduced, while gait speed increased
without causing major disturbances. This may be due to repeated training with near-
normal knee motion patterns.

Previous studies have shown that progressive assistance reduction facilitates gait learn-
ing more than full fixed assistance (Park et al., 2019; Srivastava et al., 2016). Furthermore,
repetition of normal movement patterns is important for motor learning in young adults
with childhood-onset stroke (Malone & Felling, 2020). Thus, the assist settings used in this
verification may have contributed to improved gait. The robot in this study can independ-
ently adjust assist power and timing at the knee and ankle joints. Stroke-related abnormal
gait often results from multi-joint impairment, not limited to the knee (Cooper et al.,
2012; Knutsson & Richards, 1979). Therefore, modifying assistance based on individual
gait patterns may be essential, as demonstrated in this study.

There are few reports demonstrating gait pattern improvements with RAGT in ado-
lescents with childhood-onset stroke. In this study, two adolescents with different
abnormal gait patterns showed improved gait speed and partial correction of their pat-
terns when assistance was individually adjusted. While some abnormalities remained,
the findings suggest that RAGT using a robotic knee-ankle-foot orthosis can safely sup-
port gait training and potentially promote more normal movement patterns in this
population. However, given only two participants, results should be interpreted with
caution. Some of the observed improvement in gait speed may also reflect the effects of
repetitive treadmill practice rather than RAGT alone. Furthermore, limited changes in
knee kinematics may indicate that the short training duration or long-standing compen-
satory gait strategies restricted further adaptation.

Although case reports are not generalizable, the observed improvements in gait per-
formance may suggest potential benefits for daily and community ambulation, such as
walking at school or in other real-world environments. However, follow-up evaluations
of activity level and participation in daily life were not conducted in this case report.
Future research should incorporate these outcomes to clarify the broader functional and
social impact of individualized RAGT. Moreover, larger cohort studies are needed to
determine its overall efficacy and optimize its clinical application in adolescents with
childhood-onset stroke.
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