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Abstract
Background

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that commonly causes gait
impairments, including reduced stride length, shuffling gait, festination, stooped posture, and freezing of
gait (FoG). Conventional interventions can partially improve these gait abnormalities, but their overall
effectiveness remains limited by side effects and inconsistent improvements in gait. To address these
limitations, this study investigated whether personalized hip assistance delivered by a wearable robotic
device could increase stride length and improve overall gait performance in individuals with PD.

Methods

On the assistance personalization day, human-in-the-loop optimization was used to identify personalized
hip assistance profiles for 10 individuals with PD, with the objective of increasing stride length toward
healthy control levels. Gait outcomes measured using inertial measurement units were compared
between walking with and without assistance. On the biomechanical evaluation day, whole-body gait
kinematics were assessed using a markerless motion capture system during single- and dual-task
walking under three conditions: device not worn, device worn with assistance, and device worn without
assistance.

Results

On the assistance personalization day, stride length increased significantly by 23.0 ± 32.9% with
assistance compared with no assistance (p < 0.05). This improvement was accompanied by improved
cadence and stride time variability, as well as increased hip range of motion and foot-to-floor angle.
Moreover, FoG was substantially reduced in one participant. On the subsequent biomechanical
evaluation day, the kinematic improvements extended beyond the assisted hip joint to the knee and
ankle and were accompanied by reduced trunk flexion angle. Similar improvements in gait metrics were
maintained during dual-task conditions.

Conclusions

These findings demonstrate that personalized hip assistance can effectively improve gait performance
in individuals with PD while promoting whole-body biomechanical improvements beyond the assisted
joint. Our results highlight the potential of personalized assistance to address the heterogeneous motor
impairments associated with PD and may provide a generalizable framework for wearable robotic
interventions across neurological populations with gait dysfunction.

Trial registration

This study was retrospectively registered in the Clinical Research Information Service (CRIS), Republic of
Korea (registration number: KCT0012394).
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Introduction
Parkinson’s disease (PD) is one of the most common neurodegenerative disorders, affecting
approximately 2–3% of individuals over the age of 65 [1, 2]. PD is characterized by the progressive loss
of dopaminergic neurons in the substantia nigra, leading to dopamine deficiency in the striatum [3]. This
deficiency results in dysfunction of the basal ganglia motor circuit and causes characteristic motor
impairments. These motor impairments manifest as hypokinesia, bradykinesia, rigidity, and tremor,
leading to abnormal gait patterns [4]. Individuals with PD exhibit various gait abnormalities, including
reduced stride length, shuffling gait, festination, low foot clearance, and stooped posture [5, 6]. As the
disease progresses, individuals with PD may also experience freezing of gait (FoG), a phenomenon in
which forward progression temporarily ceases during walking despite the intention to walk [7].
Consequently, these gait impairments reduce mobility, increase the risk of falls [8], and limit
independence in activities in daily living, ultimately affecting overall quality of life [9, 10]. These
consequences highlight the need to address gait impairments in individuals with PD.

To address these gait impairments, conventional interventions for managing motor symptoms in PD can
help improve gait abnormalities, but overall effectiveness remains limited by side effects and
inconsistent improvement in gait. Among these, levodopa-based pharmacological treatment is widely
used to manage motor symptoms in PD, as levodopa is converted into dopamine in the brain,
replenishing dopamine levels and reducing motor symptoms [11]. With long-term use, however, patients
may experience motor fluctuations and dyskinesia, which are common complications of levodopa
therapy [12]. When the disease progresses or symptoms become refractory to pharmacological
treatment, deep brain stimulation may be considered. It involves the implantation of electrodes into
specific brain regions to modulate abnormal neural activity [13]. However, the implantation procedure is
invasive and may be associated with adverse effects, including cognitive decline and psychiatric
complications [14, 15]. Therefore, an alternative approach that can provide consistent and sustained
improvements in gait is needed.

As an alternative approach, wearable robots have emerged as a promising method for gait assistance,
but their effectiveness in individuals with PD remains to be fully established. Wearable robots provide
direct assistance during walking through externally applied forces and have demonstrated benefits in
improving gait performance across multiple studies [16–20]. In particular, such benefits have been
reported in various clinical populations, including individuals with stroke, cerebral palsy, and spinal cord
injury [21–24]. In the context of PD, a proof-of-concept study by Kim et al. [25] involving a single
participant showed that robotic assistance could significantly reduce FoG episodes, along with
improvements in other gait-related metrics, suggesting its potential to enhance gait performance. Given
that this study involved a single participant, the generalizability of these findings remains limited,
highlighting the need to evaluate robotic assistance in larger and more diverse populations to extend its
clinical applicability.
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Moreover, given the substantial inter-individual variability in gait patterns among individuals with PD,
personalized assistance may help ensure consistent effectiveness across this population. Prior studies
have shown that personalized optimization in robotic assistance further augments gait performance
improvement. Studies in healthy individuals, who exhibit relatively low inter-individual variability in gait
patterns, have demonstrated that individualized strategies yield greater benefits than fixed assistance
approaches [26–28]. In individuals with PD, gait patterns vary considerably due to differences in disease
severity and other clinical factors [29–31]. Therefore, personalized optimization may be particularly
beneficial in the PD population.

To enable effective personalized optimization, stride length is a key gait parameter that reflects overall
gait performance and can serve as a suitable target for optimization. Reduced stride length is a primary
indicator of hypokinesia, one of the main motor symptoms of PD. Accordingly, individuals with PD show
greater difficulty in regulating stride length compared to other gait parameters, characterized by reduced
magnitude and increased variability [32–34]. Previous studies have shown that when stride length is
temporarily improved using external cues, other gait parameters also show improvement, highlighting
the importance of stride length in overall gait performance [33, 35]. A prior single-participant study by
Kim et al. [25] further supports this, suggesting that the mitigation of FoG with robotic assistance may
be attributed to its ability to prevent reductions in stride length and maintain it at an elevated level. Given
the clinical significance of this parameter, optimizing robotic assistance based on stride length may
provide a practical and clinically meaningful approach for improving gait performance in individuals with
PD.

Whether the benefits of robotic assistance are maintained under increased cognitive demands remains
an important question. Because gait automaticity is impaired in individuals with PD, gait control
becomes increasingly attention-demanding when cognitive resources must be shared with a secondary
task [36]. As a result, gait performance deteriorates during dual-task walking, accompanied by greater
reductions in walking speed and stride length, along with increased variability [37, 38]. Importantly, dual-
task walking can reveal gait impairments that are not apparent during single-task walking, providing a
more sensitive assessment of functional gait deficits in PD [39]. Therefore, evaluating robotic assistance
under dual-task conditions provides a more comprehensive assessment of its effectiveness than
evaluation during controlled single-task walking alone.

In this study, we aim to evaluate the clinical effectiveness of personalized hip assistance using a
wearable robot in individuals with PD by targeting increases in stride length toward levels observed in
healthy individuals. We investigate whether personalized optimization leads to meaningful
improvements in stride length and whether these improvements extend to other gait parameters and
biomechanical outcomes, as improvements in stride length alone may not be sufficient to ensure overall
gait quality. Based on this, we hypothesize that personalized optimization will lead to meaningful
improvements in stride length and that such improvements will also be reflected in other gait parameters
and biomechanical outcomes. Furthermore, the effects of robotic assistance are assessed under dual-
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task conditions, with the hypothesis that these effects will be maintained even under increased task
demands.

Methods

Study design and participants
The study was a prospective, single-center, exploratory, cross-sectional study approved by the
Institutional Review Board of Seoul National University Hospital (IRB No. 2410-163-1582). This study was
retrospectively registered with the Clinical Research Information Service (CRIS), Republic of Korea
(KCT0012394). All procedures were conducted in accordance with the principles of Good Clinical
Practice and the Declaration of Helsinki.

The inclusion criteria for participants with idiopathic PD were: (i) age  19 years, (ii) clinical diagnosis
of idiopathic PD according to the UK Parkinson’s disease Society Brain Bank Diagnostic Criteria, (iii)
modified Hoehn and Yahr (mH&Y) stage 2.5 to 4, (iv) the ability to walk independently on level ground
without assistive devices, and (v) the presence of gait abnormalities, such as shortened stride length,
shuffling gait, or FoG. Exclusion criteria were: (i) a Korean version of the Mini-Mental State Examination
(MMSE-K) score < 24, (ii) neurological or orthopedic disorders other than PD that could affect gait (e.g.,
stroke, traumatic brain injury), and (iii) severe dyskinesia or on-off fluctuations.

Participants were recruited from an outpatient clinic at Seoul National University Hospital between
February 2025 and May 2025, with the last follow-up date on June 27, 2025. All the participants provided
written informed consent. Every study visit proceeded at the “on” state, which is the peak effect of PD
medication.

Robotic Device
The wearable robot used in this study was WIM (WIRobotics Inc., Republic of Korea), designed to provide
bilateral hip flexion and extension assistance during walking [40]. The device provides flexion torque to
the swing leg and extension torque to the stance leg with the same magnitude. The assistance torque is
governed by two control parameters that determine the magnitude and timing of assistance, referred to
as gain ( ) and time delay (β), respectively. The device is controlled using an adaptive delayed output
feedback control scheme. The current hip state ) is determined from the current inter-thigh angle

, defined as ), where  refers to the current time. The filtered control
state is given by , where  represents the filtered version of

. The assistive torque is generated based on the selected state timing as
, where  scales the torque magnitude, and  determines

the temporal delay by reflecting βth past states relative to the current state. Given that the interval
between consecutive indices (i and i-1) is 0.01s, this corresponds to an actual time delay of  * 0.01 s
(Fig. 1A).

≥

κ

u(ti

θ (ti) u (ti) = −2sin (θ ( ti)/2 ti

s (ti) = 0.05u (ti) + 0.95s (ti−1) s (ti)

u (ti)

τ (ti) = κ (0.8s(ti−β ) + 0.2s(ti−β −1) κ β

β
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Experiment Protocol
The overall study scheme is as follows (Fig. 2B). A total of three experimental phases were conducted to
evaluate the effects of personalized hip assistance. Participants meeting the inclusion and exclusion
criteria were recruited during the Screening Day. Subsequently, a two-day Optimization phase was
conducted, in which personalized assistive torque profiles were identified for each participant. Finally,
during the Biomechanics Evaluation Day, the personalized hip assistance was applied to a subset of
participants, and comprehensive gait assessments were performed.

● Screening Day
All participants received a detailed explanation of the study procedures, and written informed consent
was obtained prior to participation. To facilitate adaptation to the robotic device, participants underwent
a familiarization session. Participants completed a familiarization session until they reported no
discomfort and could walk naturally without compensatory movements, even when the assistance
magnitude and timing were adjusted.

● Optimization Day
The Optimization Day was conducted over two separate days. The experimental environment was a
hospital corridor with a total distance of 128 m (Fig. 2A).

Prior to each day of the optimization process, participants underwent another robot familiarization
session to adapt to the wearable device. During this session, they were instructed to walk naturally while
following the assistive forces provided by the device in order to minimize initial resistance or discomfort.
Specifically, the following verbal instructions were provided: “While walking with the robot, you may
experience both assistance and resistance. Please walk in accordance with the assistance provided and
avoid intentionally resisting any perceived interference. Instead, follow the forces generated by the robot
and walk as naturally as possible.”

In this study, the gain (κ) and the time delay ( ) were optimized within predefined parameter ranges of
5.5–30 and 0–40, respectively, which were determined to avoid interference with gait. To identify the
optimal assistive profile for each individual, a human-in-the-loop optimization was implemented using
the covariance matrix adaptation evolution strategy algorithm (Fig. 1B). The optimization aimed to
minimize the difference between the participant’s current stride length and target stride length. The
target stride length was determined based on reference values from healthy individuals matched for age,
sex, and height [41]. It was introduced to prevent excessive increases in stride length, as unconstrained
increases in stride length may adversely affect other gait parameters.

The optimization procedure was initially designed with 46 walking trials and was subsequently extended
to 48 trials (six sets of eight), with each trial lasting 40 seconds. The detailed information regarding the

β
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convergence process and criteria is provided in the Supplementary Methods. Convergence of the
optimization process was defined as the standard deviation of the mean values across successive
generations falling within a predefined resolution range, with step sizes of 1 for gain and 5 for time delay.
The step sizes were established based on the minimum perceptible changes identified through empirical
assessment by two members of the study team while wearing the device. However, the procedure was
terminated at the corresponding generation if participant fatigue was reported or if physical limitations
were identified based on clinical judgment. Additionally, in cases where the optimization converged to a
local minimum, the process was restarted.

Following the completion of the optimization, a comparative gait validation was performed under two
conditions: (1) ASSIST OFF (device worn but powered off) and (2) ASSIST ON (personalized optimal
assistance applied), with the order of conditions randomized (Fig. 2A). To ensure participant safety and
minimize the risk of falls during all gait tasks, participants wore a safety belt, and all procedures were
supervised by licensed therapists.

● Biomechanics Evaluation Day
Based on the personalized assistance parameters obtained through the optimization process,
biomechanical evaluation was conducted using a 2-minute walking test (2MWT). Participants walked
along a track with a straight length of 10.8 m and a turning radius of 3.35 m, resulting in a total path
length of approximately 39.4 m per traversal (Fig. 2C).

Two types of tasks were performed: single-task and dual-task. The dual-task trials were conducted after
completion of the single-task trials. A total of three experimental conditions were evaluated: (1) ASSIST
ON, (2) ASSIST OFF, and (3) NO EXO (device not worn). Each condition was tested under both single-task
and dual-task conditions. Within each task, the NO EXO condition was always performed first and last,
while the order of the remaining conditions was randomized (Fig. 2C).

To minimize potential adaptation effects associated with the device due to the time interval between the
Optimization Day and the Biomechanics Evaluation Day, an additional robot familiarization session was
conducted prior to the 2MWT.

In the dual-task conditions, participants simultaneously performed a motor task (2MWT) and a cognitive
task (forward digit span). Each participant’s maximum cognitive span was first determined in a seated
resting condition. During the gait trials, participants performed the cognitive task at their individual
maximum capacity by repeating digit sequences while walking, thereby inducing cognitive–motor
interference. Given the potential risk of falls, participants at high risk of falling were secured with a
safety belt and performed the 2MWT under the supervision of licensed therapists.

Data Collection
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Baseline characteristics of the participants were collected as follows: age, sex, height, weight, disease
duration, mH&Y stage, MDS-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS), New Freezing of
Gait Questionnaire (NFOG-Q), and MMSE-K.

During the Optimization Day, four inertial measurement units (IMUs) (Xsens DOT, Movella Inc., USA) were
attached—one to each lateral malleolus and one to each lateral thigh—to collect gait data.

On the Biomechanics Evaluation Day, IMUs were attached in the same configuration as the Optimization
Day. Additionally, a markerless motion capture system consisting of ten cameras (Optitrack Prime Color,
NaturalPoint, Inc., USA) was used to record whole-body gait kinematics during walking. Gait data were
analyzed using markerless motion capture software (Theia, Theia Markerless Inc., Canada). After each
condition of 2MWT, the remaining distance was measured using a distance measuring wheel.

Upon completion of all experimental sessions, participants completed a self-administered questionnaire
assessing the usability of the wearable hip assistance robot. The questionnaire comprised seven items
rated on a 7-point Likert scale (1 = strongly disagree, 7 = strongly agree), addressing overall satisfaction,
the appropriateness of the device as an assistive aid for individuals with PD, ease of donning, physical
comfort during use, perceived safety, willingness to continue using the device, and expected benefit for
future gait function.

Outcome Measures
IMUs were used to compute spatiotemporal gait parameters during both the Optimization and
Biomechanics Evaluation Days. Stride length was defined as the distance between successive
midstance positions. In addition, walking speed, cadence, gait variability, hip range of motion, foot-to-
floor angle, and toe clearance were computed. Detailed descriptions of the computation of each
spatiotemporal gait parameter are provided in the Supplementary Methods.

During the Biomechanics Evaluation Day, motion capture data were additionally used to analyze joint
angles and angular velocities of the hip, knee, and ankle. Furthermore, step length, step width, toe
clearance, foot-to-floor angle, trailing limb angle, and average trunk flexion were computed.

Statistical Analysis
Paired t-tests were used to compare gait parameters between the ASSIST OFF and ASSIST ON
conditions during the Optimization Day. For the biomechanical evaluation, statistical significance across
the three conditions (NO EXO, ASSIST OFF, and ASSIST ON) was assessed using repeated-measures
analysis of variance with a significance level set at p < 0.05. When significant effects were observed, post
hoc pairwise comparisons were performed using paired t-tests.

Results
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Baseline Characteristics
A total of 15 individuals were screened for eligibility, of whom 2 were excluded for not meeting the
inclusion/exclusion criteria. The remaining 13 participants were enrolled in the study. One participant
withdrew consent before the Optimization Day and was excluded, resulting in 12 participants who
completed the study. On the Biomechanics Evaluation Day, data from 2 participants were lost owing to
device malfunction; therefore, the final analysis included data from 10 participants (5 females). The
mean age was 69.8 ± 6.6 years, and the mean disease duration was 108.8 ± 54.7 months. The mH&Y
stage was 2.5 in five participants, 3 in four participants, and 4 in one participant. Detailed baseline
characteristics of the participants are summarized in Table 1.

Table 1
Baseline characteristics of participants

ID Age

(year)

Sex Height

(m)

Mass

(kg)

mH&Y
stage

UPDRS-
III

NFOG-
Q

Target stride length
(m)

1 77 M 1.56 53.0 4 54 23 1.31

2 55 F 1.56 52.9 3 30 0 1.29

3 69 M 1.74 85.8 2.5 21 0 1.45

4 67 M 1.76 65.5 3 47 7 1.47

5 71 F 1.55 62.2 3 42 13 1.24

6 75 F 1.53 48.7 3 41 26 1.22

7 64 F 1.55 42.7 2.5 17 0 1.26

8 72 M 1.71 73.4 2.5 18 0 1.42

9 72 F 1.46 41.5 2.5 37 0 1.17

10 76 M 1.70 68.6 2.5 21 0 1.41

mH&Y: modified Hoehn and Yahr; UPDRS-III: Unified Parkinson’s Disease Rating Scale Part III; NFoG-Q:
New Freezing of Gait Questionnaire. Target stride length was defined as the average value reported in
the literature for healthy individuals matched by age, sex, and height [41].

For the Biomechanics Evaluation Day, data from five participants were excluded (four due to technical
issues and one due to incomplete trial execution; n = 5). The number and type of trials varied across
participants depending on individual condition and task feasibility.

Optimization Results
Following optimization, assistance parameters approached different values across participants
(Fig. 3A). Six participants completed all 8 generations, whereas the remaining four did not complete the
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full optimization protocol. One participant (P04) converged to a local minimum that required
reinitialization, while three participants (P01, P06, and P09) requested early termination due to fatigue
(Supplementary Fig. 1). The resulting assistance torque profiles also differed across participants. The
duration of the maximum allowable torque (6 Nm) varied across participants. In participants who did not
reach or reached the maximum torque in only a few strides (P04 and P05), distinct assistance profiles
were observed due to differences in peak torque magnitude and timing (Fig. 3B, C).

Gait Performance under Single-task Conditions
Optimized assistance led to changes in multiple IMU-based gait metrics during single-task walking. Gait
performance was evaluated in 10 participants during single-task walking on the Optimization Day,
comparing the ASSIST OFF and ASSIST ON conditions over 40-s walking trials (Fig. 4). Stride length
increased significantly by 23.0 ± 32.9% in the ASSIST ON condition compared to the ASSIST OFF
condition (p < 0.05, Cohen’s d = 0.950), with improvements observed in all participants. Cadence
decreased significantly from 128 ± 19 to 116 ± 9 steps/min (p < 0.05, Cohen’s d = -0.880), approaching
values reported for healthy adults (107 steps/min), while overall walking speed remained unchanged. For
the hip joint that received direct exoskeleton assistance, the range of motion increased significantly from
28.3 ± 7.5° to 34.4 ± 7.2° (p < 0.05, Cohen’s d = 1.001). The foot-to-floor angle increased from 6.6 ± 3.5° to
12.2 ± 4.6° (p < 0.001, Cohen’s d = 1.621), indicating a shift toward a heel-strike gait pattern. Stride time
variability decreased from 4.1 ± 2.7% to 2.0 ± 1.1%, suggesting a trend toward more stable gait rhythm.

In one participant with FoG, stride length across the walking trial was substantially increased under the
ASSIST ON condition (Fig. 5A). No freezing episodes were observed under the ASSIST ON condition,
whereas freezing occurred during 20% of the walking time under the ASSIST OFF condition (Fig. 5B;
Supplementary Video 1).

Similar findings were observed during the Biomechanics Evaluation Day, where walking duration was
extended from 40 seconds to 2 minutes and an additional NO EXO condition was included. When stride
length was first evaluated in the five participants included in the Biomechanics Evaluation Day analysis
under these conditions, it increased consistently in four participants in the ASSIST ON condition
compared to the NO EXO and ASSIST OFF conditions, while the remaining participant showed no
increase, and the stride length variability decreased in the same four participants (Supplementary Fig. 2).
As the optimization primarily aimed to improve stride length, further analyses were performed in these
four participants to examine changes in additional gait metrics.

Among these participants, cadence shifted toward values reported for healthy adults, and hip range of
motion increased under ASSIST ON condition compared to the NO EXO and ASSIST OFF conditions.
Stride time variability decreased, and stride length variability also shifted toward values reported for
healthy adults (Supplementary Fig. 3; Supplementary Video 2). These results were obtained over longer
walking durations (2 min compared to 40 s), further supporting the robustness of the observed
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improvements. The inclusion of the NO EXO condition enabled comparison with a reference condition
without the wearable device.

Biomechanical Analysis under Single-task Conditions
Motion capture-based biomechanical analysis further characterized changes in lower-limb kinematics
and trunk posture with optimized assistance. The analysis was performed in two participants with valid
motion capture data from the Biomechanics Evaluation Day who exhibited improvement in stride length
with optimized assistance. At the hip joint receiving direct robotic assistance, range of motion increased,
consistent with IMU-based findings. Peak extension velocity during the loading response and peak
flexion velocity during the pre-swing phase also increased (Fig. 6A). In addition, at the knee, range of
motion increased along with peak flexion velocity during the swing phase (Fig. 6B). At the ankle, range of
motion increased along with peak plantarflexion velocity during the push-off phase (Fig. 6C).

Additional metrics are shown in Fig. 6D. Step length and toe clearance increased with optimized
assistance. Consistent with the IMU-based results, the foot-to-floor angle increased under the ASSIST
ON condition. Average trunk flexion decreased, indicating a shift toward a more upright posture. Step
width and trailing limb angle did not show consistent trends across the two participants. These
measures reflect gait stability and the capacity to generate propulsion during push-off, respectively.

Gait Performance under Dual-task Conditions
Optimized assistance effects were also observed under dual-task conditions. IMU-based gait parameters
were analyzed in three participants who completed the dual-task condition among the four participants
included in the single-task analysis. Compared to single-task walking, walking speed generally decreased
and stride length was reduced under dual-task conditions (Fig. 7A), indicating higher task demands.

Across the NO EXO, ASSIST OFF, and ASSIST ON conditions, stride length was greater in the ASSIST ON
condition than in the other two conditions. Cadence did not show consistent changes across
participants. Other gait parameters showed similar trends across the three conditions, consistent with
the single-task results. Hip range of motion and foot-to-floor angle increased with assistance, while
stride length variability and stride time variability decreased. Toe clearance increased in two of the three
participants (P03 and P04). Digit span test accuracy decreased under the ASSIST ON condition in all
participants (Fig. 7B).

Usability Assessment
All 10 participants completed the usability questionnaire. Ratings were favorable across all seven items
(overall mean, 5.4 ± 1.0). Overall satisfaction with the device was rated 5.6 ± 0.8, and participants rated
the device as appropriate for assisting gait in individuals with PD (5.5 ± 0.5). Physical comfort and
perceived safety during use were rated 5.5 ± 1.3 and 5.2 ± 1.0, respectively, while ease of donning
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received the lowest rating among the seven items (4.5 ± 1.4). Willingness to continue using the device
was rated 5.5 ± 0.8, and expected benefit for future gait function received the highest rating (5.9 ± 0.7).

Discussion
This study demonstrates that personalized hip assistance delivered by a wearable robot can improve
gait performance in individuals with PD by increasing stride length toward levels observed in healthy
individuals. Importantly, the benefits extended beyond the optimization target of stride length, resulting
in broader improvements in gait performance. Moreover, the improvements were maintained during dual-
task walking, demonstrating that the benefits of robotic assistance persist under increased task
demands and providing a more rigorous evaluation of its effectiveness. Consistent with these objective
gait improvements, participants also reported favorable usability ratings, including high overall
satisfaction and expected benefit for future gait function, supporting the acceptability of the device
among individuals with PD.

The optimization process resulted in participant-specific assistance strategies, with stride length
increased in all participants under optimized assistance. From a biomechanical perspective, greater
stride length is associated with increased joint moments [45], and previous studies have reported that
higher assistance magnitude leads to greater range of motion at the targeted joint [46, 47]. However, in
our study, larger assistance magnitude did not necessarily produce greater stride length. This finding
indicates that the effectiveness of robotic gait assistance depends not only on assistance magnitude,
but also on multiple factors, including temporal characteristics and overall assistance profile. This multi-
factor dependency provides a strong rationale for personalized optimization over simply increasing
assistance magnitude.

To examine whether the optimized assistance strategies translated into broader improvements in gait
performance, we evaluated additional gait metrics beyond stride length. Several gait metrics improved
under optimized assistance, suggesting that optimization focused on stride length may extend to
broader improvements in overall gait patterns. During single-task walking, the increase in stride length
was accompanied by a significant reduction in cadence, approaching values observed in healthy
individuals. As increased cadence in PD is often considered a compensatory response to reduced stride
length [32, 33], this finding suggests a shift toward a more normalized gait pattern. Our findings are
consistent with previous studies using visual cues to increase stride length in individuals with PD, which
have also reported improvements in gait parameters beyond stride length. Morris et al. and Lewis et al.
[33, 35] reported a shift in cadence toward values observed in healthy individuals when stride length was
increased using visual cues. In addition, Lewis et al. [30] reported findings similar to ours, including
improvements in hip kinematics and heel rocker function, as well as a reduction in stride length
variability. However, previous studies reported increases in walking speed, whereas no significant
change was observed during robotic assistance in our study.
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Robotic assistance also prevented FoG in the present study. One of the 10 participants exhibited FoG
during the experimental sessions, and no FoG episodes occurred in that participant while assistance
was applied. This finding is consistent with a proof-of-concept study by Kim et al. [25]. One possible
explanation relates to the dual-requirement hypothesis, which attributes FoG to the coexistence of a
reduced step length and the sequence effect [48]. Assistance synchronized with the gait cycle and
optimized toward a target stride length may have acted on both components. While the prior study
applied hip flexion assistance alone, our study provided bilateral assistance for both hip flexion and
extension, raising the possibility that successful FoG prevention may not depend on a specific joint or
assistance strategy. However, both observations derive from single individuals, and given the
heterogeneity of PD symptoms, the optimal joint or assistance strategy for preventing FoG may vary
across individuals.

We further analyzed whole-body kinematics to examine how these improvements manifested in overall
gait patterns and observed positive changes across multiple joints. Notably, kinematic improvements at
non-targeted joints may be attributed to biomechanical coupling among lower-limb joints during gait [49,
50], and similar findings have been consistently reported in previous wearable robot studies [51–53].

To assess whether the effects of optimized assistance were maintained under more challenging
conditions, gait performance was evaluated during dual-task walking. Improvements in gait metrics
observed during single-task walking were largely preserved during dual-task walking. However, cognitive
task performance declined with robotic assistance. This suggests that robotic assistance may have
shifted attentional resources toward gait, leading participants to adopt a “posture-first” strategy, in
contrast to the “posture-second” strategy typically observed in individuals with PD [54, 55].

Individual variability in response to optimized assistance
The extent of gait improvement varied across participants, suggesting that the effectiveness of robotic
assistance differs across individuals. Therefore, identifying potential responders in advance may be
important. However, no significant relationship was found between stride length improvement and
clinical measures (i.e., UPDRS-III) or baseline gait performance (Supplementary Fig. 4). Meanwhile, the
absence of FoG under robotic assistance suggests that this approach may be particularly beneficial for
individuals with FoG symptoms. Since intervention effects may vary depending on individual patient
characteristics [56–58], further studies examining multi-factorial effects may provide additional insight.

Challenges in finding optimal assistance
Identifying optimal assistance under strict convergence criteria is challenging in individuals with PD, as
prolonged walking required for iterative optimization is often not feasible due to their limited walking
endurance. We designed the optimization protocol to promote convergence within limited walking time
by incorporating both the mean of the current sampling distribution and the best-performing parameters
from the previous generation (Supplementary Methods). Nevertheless, practical constraints remain due
to the limited walking endurance of individuals with PD compared with healthy controls. For example, it
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is difficult to conduct additional evaluations to ensure full convergence, particularly when the solution
may be suboptimal or trapped in a local minimum. Moreover, some control parameters may inherently
require a large number of iterations to reach convergence [59]. These constraints underscore the need
for more efficient human-in-the-loop optimization approaches that enable convergence with fewer
evaluations.

Adaptive optimization may be necessary to achieve effective assistance in the presence of day-to-day
variability and the effects of medication cycles. Gait characteristics in individuals with PD exhibit
substantial day-to-day variability. Dopaminergic medication can substantially influence gait performance,
and intrinsic motor fluctuations associated with PD can cause variable performance even under
consistent medication conditions [60, 61]. This day-to-day variability was also observed in our study.
Specifically, baseline stride length without robotic assistance varied across experimental days. Such
variability may lead to mismatches between the participant’s state during optimization and that during
subsequent real-world use, potentially limiting the effectiveness of the optimized parameters. In our
study, when the robotic assistance using identical optimized control parameters was applied on a
different day, responses varied across participants (Supplementary Fig. 5), supporting this concern.
These findings suggest that static optimization approaches may have inherent limitations in the
presence of day-to-day variability, and adaptive or real-time optimization strategies [27] may be
particularly crucial for individuals with PD, as they can track changes in the user’s state and adjust
assistance accordingly.

Contribution of mechanical assistance and cueing effects
The mechanisms underlying the effects of robotic gait assistance should be further examined to
enhance and generalize the effectiveness of robotic gait assistance. Although the primary function of
robotic assistance is to provide mechanical support, physical interaction between the device and the
user may also act as a form of rhythmic tactile cue. Mechanical assistance increases movement
amplitude through joint torque augmentation, which likely contributes to the observed increase in stride
length. Beyond direct mechanical assistance, tactile cues may act as attentional signals, enhancing task
engagement and thereby contributing to improvements in gait performance. Previous studies have
shown that various forms of cueing (e.g., verbal, attentional, and visual cues) can enhance gait
performance in individuals with PD [33, 35, 62]. Morris et al. [33] further proposed that these effects are
attributable to cues directing attention to the walking task, rather than to the specific characteristics of
the cues. In our dual-task results, assistance improved gait performance while cognitive task
performance declined, suggesting that attentional resources were primarily allocated to walking,
possibly reflecting a cueing effect. Meanwhile, Kim et al. [25] reported that cueing-level robotic
assistance without mechanical support was insufficient to prevent FoG, suggesting that the contribution
of cueing effects in robotic assistance requires further investigation.

Limitations
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This study has several limitations. First, a commercial device was used, which limited independent
control of the assistance torque profile. As the torque profile was coupled to the inter-thigh angle, it
could vary even under identical control parameters, depending on individual gait patterns. Future
systems that allow the torque profile to be independently specified from control parameters may enable
more rigorous experimental control. Second, medication status was not strictly controlled. Although
participants were tested in an “on” state, potential fluctuations or decay in medication effects may have
influenced gait performance. Third, the personalized torque profile was fixed after optimization. Although
improvements were observed on both days, the effects were less pronounced on the Biomechanical
Evaluation Day than on the Optimization Day, suggesting that day-to-day variability in PD may influence
the effectiveness of the optimized-but-fixed assistance. Future studies may explore adaptive control
strategies to account for day-to-day variability in PD. Finally, although stride length increased with
assistance, not all participants approached the target stride length. This variability further highlights the
potential influence of individual characteristics on the effectiveness of robotic assistance and suggests
that additional strategies may be required to further enhance outcomes. For example, combining robotic
assistance with rehabilitation or providing longer-term exposure to allow sufficient adaptation may
further improve effectiveness [63].

Conclusion
Providing personalized hip assistance targeting stride length improvement leads to enhanced overall gait
performance in individuals with PD. Beyond the primary target, these improvements extend to multiple
spatiotemporal and kinematic measures and are maintained under increased task demands, such as
dual-task walking. These findings highlight the potential of personalized optimization to induce broader
benefits in gait performance beyond a single targeted gait metric. Future work should focus on
identifying individuals who are more likely to benefit from such interventions in advance, as well as
developing adaptive optimization strategies that account for the day-to-day variability and heterogeneity
of gait in individuals with PD, enabling more effective personalized assistance.
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Figure 1

See image above for figure legend.
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Figure 2

Overview of the study protocol and detailed procedures of Optimization Day and Biomechanics
Evaluation Day. (A) Overview of the Optimization Day. The leftmost image shows the actual experimental
setup during Optimization Day. (B) Overall experimental protocol of the study. (C) Overview of the
Biomechanics Evaluation Day. The top-left image shows the actual experimental setup during
Biomechanics Evaluation Day.
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Figure 3

Optimized assistance characteristics across participants. (A) Optimized WIM control parameters—gain
(k) and time delay (β)—across participants. (B) Optimized assistance torque profiles across participants.
Torque profiles were segmented at the local maxima of the inter-thigh angle and averaged across strides
for each participant. The local maximum of the inter-thigh angle was defined as 0% of the gait cycle. The
inter-thigh angle was defined as positive when the left leg is leading. Positive torque indicates hip flexion
assistance to the left leg and hip extension assistance to the right leg, whereas negative torque indicates
the opposite. Equal and opposite torque was applied to the contralateral hip. (C) Duration of the
maximum allowable torque (6 Nm) in the optimized torque profile across participants. Duration was
quantified as the percentage of the gait cycle during which a 6 Nm plateau was maintained (%GC).
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Figure 4

Changes in gait metrics during the Optimization Day. Bars represent group means, and black lines with
markers indicate individual participants. The horizontal dashed line denotes the mean value of the
healthy control group reported in the literature [42,43]. Individual participant values are provided in
Supplementary Table 1. Significance markers: *** p < 0.001, * p < 0.05; only significant differences are
indicated.
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Figure 5

Comparison of freezing of gait (FoG) behavior under ASSIST ON and ASSIST OFF conditions in a
participant with FoG (P05). (A) Time-series data of stride length during a 40-s walking trial. The
horizontal dashed line indicates the age-, sex-, and height-matched stride length from healthy controls
reported in the literature [41]. FoG intervals during the ASSIST OFF condition are highlighted with gray
boxes. (B) Percentage of time spent freezing.
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Figure 6

Effects of optimized assistance on lower-limb kinematics and trunk posture during the Biomechanics
Evaluation Day. Panels A–C present lower-limb joint kinematics, including joint angle profiles, range of
motion, velocity profiles, and peak velocities. Joint angle and velocity profiles were averaged across
strides, sides, and participants. Profiles were segmented based on heel strike, with 0% of the gait cycle
corresponding to heel strike. In each panel, the fourth plot shows peak velocities extracted from the
velocity profile (third plot) at the peak values indicated by the horizontal reference lines, with arrows
indicating changes associated with optimized assistance. (A) Hip joint kinematics. Velocity peaks
correspond to the loading response and pre-swing phases. (B) Knee joint kinematics. Velocity peak
corresponds to the swing phase. (C) Ankle joint kinematics. Velocity peak corresponds to the push-off
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phase. (D) Additional gait parameters. From left to right: step length, step width, toe clearance, foot-to-
floor angle, maximum trailing limb angle (Max. TLA), and average trunk flexion.

Figure 7

Changes in gait metrics and cognitive task performance under dual-task conditions with optimized
assistance. (A) Comparison of gait metrics between single-task and dual-task conditions. (B) Effects of
assistance on gait metrics and cognitive task performance during dual-task conditions. Group mean
values are presented as bars, with individual subject data overlaid as markers. Single-task results are
shown without hatching, whereas dual-task results are indicated with hatched bars. The horizontal
dashed line denotes the mean value of the healthy control group reported in the literature [42–44].
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