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Highlights
What are the main findings?

e  Paretic-side anteroposterior ground reaction force variability during pre-swing phase was lower
than in age-matched control, independent of speed.

e  The reduction in GRF variability during walking was suggested for maintain gait stability in
post-stroke patients.

What is the implication of the main finding?

e  GREF variability may reflect the adaptive gait control of participants.
e  Rehabilitation that permits GRF variability may be beneficial for post-stroke patients with mild
deficits.

Abstract

Gait impairment in post-stroke patients increases the risk of falls, but the role of ground reaction force
variability (GRF variability) in controlling gait stability remains unclear. This study aimed to
characterize GRF variability during walking in post-stroke patients. 16 post-stroke patients (age:
72.19 +8.54, 6 female, 4 fallers: age: 71.75 +11.32, 12 non-fallers: age: 72.33 + 8.03) and 19 age-matched
healthy controls (age: 68.63 + 5.73, 9 female) participated. GRF variability was measured using shoe
sensors during walking. After adjusting for walking speed, the anterior-posterior (AP) GRF
variability on the paretic side in the 91 — 100% stance phase was significantly lower in the post-stroke
patients (p = 0.038). This phase’s AP GRF variability was not correlated with Berg Balance Scale
scores. Furthermore, the faller group in stroke patients showed the AP GRF variability on the paretic
side was lower in the 11 - 20% (p = 0.045), 41 — 50% to 61 — 70% stance phases (p = 0.045, p = 0.034, p
=0.034) after adjusting for sex and orthosis. This suggests that AP GRF variability on the paretic side
is involved in the maintenance of walking stability in post-stroke patients.

Keywords: stroke; gait; ground reaction force; variability

1. Introduction
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Stroke often results in motor paralysis, balance deficits, and cognitive dysfunction[1,2]. These
impairments lead to gait deviations such as reduced walking speed, decreased cadence, shorter stride
length, and decreased toe clearance on the affected side[3-5]. These gait deviations contribute to an
increased risk of falling[6]. The fall incidence among post-stroke patients is high, reaching
approximately twice that of age-matched healthy adults[7,8]. Falls in this population often result in
injury and fracture, leading to reduced mobility[9-11]. Furthermore, while the one-year mortality
rate following a proximal femoral fracture is 10.8% for the general population, the rate for post-stroke
patients with a femoral fracture is significantly higher, reaching 24.8%[12]. Crucially, falls most
frequently occur during walking; therefore, improving gait stability is a critical challenge in stroke
rehabilitation.

Stable gait requires effective stance-limb control in response to environmental changes and
sudden perturbations. Healthy individuals maintain this stability by increasing the magnitude of the
ground reaction force (GRF) and modifying the GRF vector angle in response to walking
perturbations[13,14]. Furthermore, a positive correlation has been reported between the vertical GRF
of the paretic and non-paretic limbs during static standing and the Berg Balance Scale (BBS) score in
post-stroke patients[15]. Thus, GRF is a highly relevant indicator for evaluating balance and
maintaining gait stability. Previous studies have reported reduced vertical (V) and anteroposterior
(AP) GRF on the paretic side of post-stroke patients compared to healthy individuals[16,17]. V GRF
and AP GRF have been shown to reduce, particularly during the latter half of the stance phase[18-
21]. The latter half of the stance phase requires complex lower-extremity control as it simultaneously
involves supporting limb propulsion and contralateral limb initial contact[22-24]. Thus, post-stroke
patients are expected to have greater difficulty with the complex kinetic control required during the
latter half of the stance phase.

Maintaining movement stability requires adaptive modifications, necessitating a certain range
of movement variability, which is influenced by aging, pathology, and neurological factors[25,26].
Among post-stroke patients, increased variability in trunk acceleration and stride time during
walking has been linked to a history of falls, demonstrating its utility as an assessment for fall risk[27-
29]. Conversely, some studies suggest that increased variability in parameters like step width or V
GRF may be tolerated as a stability mechanism, intrinsically linking variability to stability[30,31].
Furthermore, while post-stroke patients exhibit greater variability in maximum AP GRF during the
latter half of the stance phase compared to healthy controls[32], this prior investigation was limited
to the variability of a single point (maximum AP GRF). A study that compared the entire support
phase in elderly individuals and young, healthy adults —time-normalizing the data and examining
whether variance differed across segments—demonstrated phase-specific differences in GRF
variability[33]. These results suggest the need to compare changes in GRF variability throughout the
entire gait cycle. A comparison of GRF changes across stance phases revealed that post-stroke
patients have exhibited an earlier onset of the AP GRF peak compared to healthy individuals[34].
Thus, GRF variability in post-stroke patients may exhibit different patterns than those of healthy
individuals during specific stance phases. To our knowledge, no prior study has examined the
characteristics of GRF variability in the stance sub-phase in post-stroke patients or its relationship
with balance ability. We hypothesized that post-stroke patients increase AP GRF variability during
the terminal stance to pre-swing phase, a phase that requires complex propulsive control to maintain
stability.

The objectives of this study were 1) to clarify the characteristics of GRF variability in the stance
sub-phase in post-stroke patients by comparing their AP and V GRF variability during walking with
that of age-matched controls,2) to investigate the relationship between GRF variability in stance sub-
phase and relevant clinical balance assessments, and 3) t identify the characteristics of GRF variability
of stance sub-phase in the faller and non-faller groups of post-stroke patients.

2. Materials and Methods
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2.1. Participants

A total of 20 post stroke patients (13 males, age range of 55 — 88 years) admitted our convalescent
rehabilitation ward and 20 age-matched controls (10 males, age range of 60 - 77) were included this
study. The inclusion criteria for the post-stroke patients were follows: (1) hemorrhage or infarction
in the supratentorial region on unilateral side by computed tomography (CT) or magnetic resonance
imaging (MRI) and diagnosis of cerebral hemorrhage of infraction, (2) patients aged 20 years old or
older, and (3) Patients who were able to walk in a straight line for 30 consecutive gait cycles at their
self-selected optimal speed, without the assistance of another person and the use of lower limb
orthoses. The inclusion criteria for age-matched controls also included (2) and (3). Exclusion criteria
for post-stroke group were follows: (1) comorbid musculoskeletal disorders that impede walking
performance, (2) difficulty in communicating and understanding instructions because of higher brain
dysfunction, cognitive decline, or aphasia, makes executing the study challenging, (3) History of
neurological disease. Exclusion criteria for age-matched control group were follows: (1), (2), (3), and
(4) history of falls within the past year. Participants provided written informed consent.

2.2. Clinical Assessment

In post-stroke patients, motor function was assessed using Fugl-Meyer Assessment of lower
extremity (FMA-L)[35], and Stroke Impairment Assessment Set (SIAS) to determine scores for lower
extremity motor function (hip flexion test, knee extension test, and foot tap test)[36]. Balance ability
was assessed using Berg Balance Scale (BBS)[37]. Short Falls Efficacy Scale-International (Short FES-
I) was using as measurement of fear of falling in post-stroke patients[38]. Fall status was confirmed
by telephone for every 1 month during 6 months in post-stroke patients, and post-stroke patients
assigned faller group and non-faller group. We defined fall event as” contact between any part of the
body, expect the soles of the feet, and the floor or ground during movement in daily life”[39].

2.3. Gait Assessment

The motor task required participants to walk in a straight-line for 34 gait cycles at their self-
selected comfortable speed. Participants completed one trials of the walking measurement. The
continuous 30 gait cycles were subsequently used for analysis, excluding the initial and final two gait
cycles immediately after the start and before the end of walking, respectively[40] (Figure 1.). This
method was deemed valid for measuring GRF variability during gait, as previous research has
indicated that recording 20 or more gait cycle enables the measurement of kinematic parameters
variability during walking with high intra-rater reliability[41].

Start Goal
| 30 gait cycles | r
Exclude Exclude

2 gait cycles 2 gait cycles

Figure 1. Gait task.

2.4. Shoe Sensor System

We assessed GRF during straight walking using the shoe sensor system[42,43] (Figure 2.). This
shoe sensor system has four triaxial force sensors (at the heel, first and fifth metatarsal heads, and
toe) able to measure GRF outside of a laboratory setting [42,43]. The force sensor is composed of a
stainless-steel housing and a force-sensing lever (Research Institute for Electromagnetic Materials,
Tomiya, Japan). GRFs were measured along the anterior-posterior (AP), vertical (V), and medial-
lateral axes. The sampling frequency was 400 Hz. The maximum measurement range of the force
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sensor was + 500 N for the AP and medial-lateral axes, and #1000 N for the V axis. The inter — rater
reliability results for this shoe sensor system are presented in Table Al.

iy
Polyethylene foam Z

(8 mm thickness)

w

CenN thin film 4

10mm

Figure 2. Shoe sensor used for gait measurement. A) External appearance of the sensor shoe. B) Location of the
Ground Reaction Force (GRF) sensors embedded in the sole. C) Illustration of the inertial sensors integrated into
the sole. D) Internal structure of the sensor of a single sensor unit.

The inertial measurement unit (IMU) (9-DOF Absolute Orientation IMU Fusion Breakout-
BNOO055; Aafruit, NY, USA) with a sampling frequency of 70 Hz, was mounted at the toe of the shoe.
It was housed within polyethylene foam embedded in the sole of the shoe for protection from external
impact. Both the force sensor and the IMU were connected to a microcontroller (Teensy 3.6, SparkFun,
Electronics® Niwot, CO, USA). The microcontroller was connected to a trigger that was activated by
pressing a switch. The system allowed the measurement data to be recorded onto a secure digital
card.

2.5. Data Processing

Data analysis in this study was performed using MATLAB R2023b (MathWorks, Massachusetts,
USA). Data processing followed the methods of Yamaguchi et al. and Matsumoto et al., who used the
same shoe sensor[42,43]. For calibration, the shoe sensor was connected to a personal computer and
placed on a level surface prior to participant testing. Acceleration calibration was performed using
the Newton iterative optimization algorithm [43]. This aligned the resultant vector of the three-axis
acceleration data (measured by the shoe sensor’s IMU in a static state) with the acceleration due to
gravity (9.8m/s?). The Newton iterative optimization algorithm is an iterative method that calculates
the solution that minimizes the calibration coefficients and bias values. This minimizes the error
between the resultant of the three-axis acceleration data and the acceleration due to gravity (9.8m/s?).
Using this algorithm, the sensor shoes were calibrated when placed on a level surface without a
participant so that the resultant three-axis acceleration equaled the acceleration due to gravity
(9.8m/s?). The corrected acceleration values for each axis (@, @y, @50) Were thus determined. Next,
the initial angles of the IMU 6, around the x’-axis and ¢, around the ¢’-axis at the initial static
position of the IMU sensor were calculated using calibrated acceleration data (a,o. @y« @)
according to the following equations:

6y, = —arctan (M)

ax0

)
@o = arctan (——=22—)

a, 2+a_ .2
40 20
@)

The initial angle around the z’-axis (¥,) was set to 0°.
Figure 3 shows the analytical algorithm used to calculate the GRF obtained from the individual
sensors at each location[42,43]. We analyzed the medial-lateral GRF (Fy;), the AP GRF (F,;) and V
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GREF (F,;), which was recorded during the stance phase. The subscript i denotes the location of each
sensor on the foot sole: 1 = heel, 2 = first metatarsal head, 3 = fifth metatarsal head, and 4 = toe. To
remove noise from the data, a fourth-order Butterworth low-pass filter with a cutoff frequency of 50
Hz was applied. Next, the GRF data from each sensor location (F,;, Fy4. F;) were transformed
into the global horizontal and vertical coordinate system (Fy;. Fy;. F,;) using the following

equations[43]:
Fri cose 0 singpirl 0 0 Frri
Fyil| = 0 1 0 [l0 cos® —sin@||Fyi| (3)
Fp —sing 0 cos@ll0 sinf cosf 1|F,,
3-axis force Low-pass . S
. Summing 3D frame " Localized
sensor Filter ¥ Resampling e
(400Hz) +Offset output rotating GRF
3-axis
gyroscopes Offset
(70Hz)

Figure 3. Algorithm for ground reaction force (GRF) data analysis. Flowchart illustrating the GRF data analysis
process. The GRF data were first corrected using the angular velocity data measured by the inertial sensors, and
then the final values were calculated.

The local GRF at each sensor location (Fy;. Fy;. F,;) were transformed into the global
horizontal and vertical coordinate system. The GRF for entire sensor shoe (Fx. Fy. Fz) was
calculated by summing the forces from all sensor locations using the following equation[43]:

Tx ' Tx/i
Fyl = TiZ1|Fui| @
Tz Tzi

The stance phase of walking was identified using V GRF (,) from each sensor. Stance phase was
defined as the moment when the V GRF (F,) exceeded 15 N, and stance termination was defined as
the moment when the V GRF (F,) dropped below 15 N[42]. The GRFs calculated for each sensor
during the gait cycle were then time-normalized to 0% at heel strike and 100% at toe-off, and finally,
the data were normalized by the participant’s body weight. The time-normalize GRF data for the
stance phase (from 0% to 100%) were averaged into 10% intervals to facilitate comparison across the
stance phase. This yielded ten data points representing the GRF at each 10% interval of the stance
phase (Figure 4 A, B).
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Figure 4. Changes in Ground reaction force (GRF) during stance phase. A) Time course of GRF normalized by
body weight (y-axis) over the stance phase (x-axis). B) GRF magnitude averaged for every 10% of the stance
phase. C) Time course of GRF variability (y-axis) over the stance phase (x-axis). D) GRF variability averaged for

every 10% of the stance phase.

2.6. Ground Reaction Force Variability

The GRF variability for each stance phase interval was calculated as follows: Initially, the
standard deviation (SD) of the body-weight-normalized GRF was calculated across the 30 gait cycles.
To quantify GRF variability within each stance sub-phase interval, the GRF SD data were divided
into 10% intervals[43], and the mean SD for each sub-phase was subsequently calculated. This yielded
ten data points representing the GRF at each 10% interval of the stance phase. (Figure 4 C, D).

2.7. Statistical Analysis

Statistical analyses in this study were performed using JMP Pro 17 (SAS Institute Inc., Cary,
North Carolina, USA) and MATLAB R2023b (Math Works, Massachusetts, USA). An unpaired t-test
was used to compare the following between post-stroke patients and controls: age, height, body
weight, and gait speed. A X2 test was used to compare sex and cane usage between the groups.

To clarify the differences in GRF and GRF variability across stance sub-phase during walking,
we performed a three-group comparison using the paretic side, the non-paretic side, and the age-
matched control’s left side as factors. Given that GRF and GRF variability in stance phase are related
to gait speed[44,45], we used a linear mixed model (LMM) with gait speed as a fixed effect to exclude
its influence from the GRF and GRF variability comparison across stance sub-phase. The effect size
and statistical power were calculated for each value. The effect size (n?) was defined as follows: large
(= 0.14), medium (= 0.06) and small (= 0.01)[46]. Sufficient statistical power (1 - ) was defined as
= 0.80[46].A Tukey-Kramer multiple comparison test was performed for the post hoc analysis.

Spearman’s rank correlation coefficient, adjusted for gait speed, was used to examine the
association between GRF variability of the significant stance sub-phase and total and sub-item scores
on the BBS. The significant sub-phases were those identified in the comparison among the paretic
side, the non-paretic side, and the age-matched control’s left side.

The BBS sub-items on which all post-stroke participants achieved the maximum score were
excluded from the correlation analysis. The correlation coefficients were classified as weak (r < 0.50),
moderate (0.50 < r < 0.79), strong (0.80 < r)[47].

Post-stroke patients were divided faller group and non-faller group based on their fall status.
Wilcoxon rank-sum test was used to compare the physical characteristics and clinical assessment
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results of these two groups. Furthermore, for stance sub-phase showing significant differences
compared to the control’s left side, we performed group comparisons (faller group vs non-faller
group) for GRF and GRF variability. For this comparison, the difference in characteristics was
statistically adjusted by first calculating the residuals of the least squares method for any significantly
different characteristics between the two groups and subsequently comparing these residuals using
the Wilcoxon rank-sum test. The effect size (r) was defined as follows: large (= 0.50), medium (=
0.30), small (= 0.10)[48].
The p value < 0.05 was considered significant.

3. Results

3.1. Participant Characteristics

A total of 20 post-stroke patients and 20 age-matched controls met the inclusion criteria and
participated in the measurements. A robust regression analysis based on Huber estimation was
performed to identify outliers in the AP and V GRF variability. Data with residuals greater than four
times the standard deviation from the mean were excluded as outliers. The final analysis included 16
post-stroke patients and 19 age-matched controls. Table 1 summarizes the demographic and clinical
characteristics of the stroke survivors and age-matched controls. The groups were well-matched for
age, sex ratio, height, and body weight. Table 1 showed, cane use was significantly higher, and gait
speed was significantly lower, in the stroke group. Specifically, five post-stroke patients and zero
controls used a cane during measurement, and one post-stroke patient and zero controls regularly
used a lower limb orthosis in daily life. Clinical diagnoses, along with FMA-L, BBS, and SIAS scores
for the post-stroke patients, are also presented.

Table 1. Characteristics of post-stroke patients and age-matched controls.

Post-stroke patients Controls p value
Number 16 19
Age (years) a 72.19 (8.54) 68.63 (5.73) 0.151
Sex (male/female) b 10/6 10/9 0.556
Height (cm) a 157.14 (12.34) 161.33 (8.82) 0.251
Weight (kg) a 55.68 (8.60) 56.65 (10.57) 0.770
Cane (T-cane/none) b 5/11 0/19 0.003*
Gait speed (m/sec) a 0.81 (0.32) 1.25 (0.11) <0.001*
Diagnosis (infarction/hemorrhage) 12/4 - -
Time post-stroke (days) 91.56 (36.13) - -
Fugl Meyer Assessment 30.94 (3.00) - -
Berg Balance scale 51.69 (4.13) - -
Stroke Impairment Assessment Set (1/2/3/4/5) - -
Hip flexion test 0/0/1/4/11 - -
Knee extension test 0/0/2/5/9 - -
Ankle dorsiflexion test 0/0/0/5/11 - -

Mean (standard deviation) a: Unpaired t-test, b: Chi-square test, *: p <0.05

3.2. Comparison of GRF Across Stance Sub-Phase Among the Paretic Side, Non-Paretic Side and Control’s
Left Side

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Tables A2 show the results of comparing AP GRF among the three groups after adjusting for
gait speed. There were no significant differences in AP GRF among the paretic side, the non-paretic
side, and the age-matched control’s left side at any point in the stance sub-phase.

Tables A3 show the results of comparing V GRF among the three groups after adjusting for gait
speed. No significant differences were observed in V GRF among the paretic side, the non-paretic
side and the age-matched control’s left side at any point in the stance sub-phase.

3.3. Comparison of GRF Variability Across Stance Sub-Phase Among the Paretic Side, Non-Paretic Side and
Control’s Left Side

Tables 2 show the results of comparing AP GRF variability across stance sub-phase for the three
groups after adjusting for gait speed. AP GRF variability showed a significant intergroup difference
during the 91 — 100% stance sub-phase as pre-swing phase (F = 3.721, p = 0.038). Post hoc analysis
showed the paretic side was significantly lower than the age-matched control’s left side in the 91 -
100% stance sub-phase (p = 0.030).

Table 2. Comparison of anteroposterior ground reaction force variability during gait among the paretic side, the

non-paretic side in post-stroke patients and age-matched control’s left side, adjusted for gait speed.

paretic side non-paretic side control Fvalue pvalue n2 1-p
Number 16 19
Stance phase (%)
1-10% —0.445(-0.414) —0.411(0.387) —0.284(0.349) 0.971 0.389 0.042 0.227
11 -20% —1.027(0.800) —0.967(0.654) —0.487(0.542)  1.068 0.355  0.027 0.163
21 -30% —1.222(0.999) —1.192(0.776) —0.605(0.704) 1.111 0.341 0.029 0.169
31 -40% —1.222(1.131) —1.226(0.826) —0.543(0.804) 1.324 0.280 0.041 0.227
41 -50% —1.128(1.274) —1.152(0.836) —0.324(0.910)  1.798 0.181  0.062 0.336
51 - 60% —1.100(1.443) —1.054(0.935) —0.148(1.124) 1.171 0.322 0.039 0.215
61 -70% —1.049(1.701) —0.895(1.142) 0.178(1.357) 0.473 0.627  0.017 0.113
71 -80% —0.668(1.845) —0.611(1.322) 0.815(1.435) 0.240 0.789  0.001 0.054
81 -90% 0.324(1.350) 0.139(1.043) 1.387(0.989) 1.327 0.283  0.021 0.135
91 - 100% 0.479(0.551) 0.463(0.661) 1.167(0.781) 3.721 0.038*  0.232 0.937

mean (Standard deviation), “Linear mixed model *: p <0.05
Table A4 show the results of comparing V GRF variability across the stance sub-phase among
the three groups after adjusting for gait speed. No significant differences were observed in the V GRF
variability across the entire stance phase among the paretic side, the non-paretic side, and the age-
matched control’s left side.

3.4. Association Between GRF Variability and Balance Ability Across Stance Sub-Phase in Post-Stroke
Patients

Table 3 shows the results of the partial correlation analysis adjusted for gait speed between AP
GREF variability and BBS scores. The analysis focused on the 91 — 100%stance sub-phase as pre-swing
phase of the paretic side because this stance sub-phase showed a significant difference compared to
the control’s left side. No significant correlation was found between AP GRF variability during the
91%-100% stance sub-phase on the paretic side and total or sub-item scores on the BBS in post-stroke
patients.

Table 3. Correlation of between anteroposterior ground rection force variability and Berg Balance scale, adjusted
for gait speed.
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Partial correlation p value
BBS total score 0.08 0.78
Stand eye closed 0.36 0.191
Arm reaching —0.08 0.782
Object pick up 0.23 0.403
Twist turn -0.17 0.545
Turn 360° 0.23 0.408
Step on stool 0.28 0.316
Tandem standing 0.05 0.855
One leg standing —0.13 0.651

Spearman’s rank correlation, BBS: Berg Balance Scale, FRT: Functional reach test

3.5. Differences in GRF and GRF Variability Between the Faller Group and Non-Faller Group of Post-Stroke
Patients

Table 4 shows the fall status and physical characteristics of the faller group and non-faller group
of post-stroke patients. Four post-stroke participants were classified into the faller group. There were
no significant differences between the two groups regarding age, height, body weight, cane usage,
gait speed, diagnosis, days post-stroke, paretic side, use of an ankle-foot orthosis, or results for the
FMA-L, BBS, Short FES-], hip flexion and knee extension tests in SIAS.

Table 4. Characteristics of faller and non-faller groups in post-stroke patients.

Faller Non faller p value

Number 4 12
Age (years) 2 71.75 (11.32) 72.33 (8.03) 0.624
Sex (male/female) b 4/0 6/6 0.0332*
Height (cm) a 161.50 (11.32) 155.69 (12.79) 0.467
Weight (kg) a 55.35 (8.94) 55.79 (8.88) 0.856
Cane (T-cane/none) b 2/2 3/9 0.361
Gait speed (m/sec) a 0.80 (0.50) 0.81 (0.26) 0.951
Diagnosis (infarction/hemorrhage) ® 2/2 10/2 0.201
Time post-stroke (days) 2 94.2 (39.2) 90.7 (36.8) 0.870
Affected side (Right/Left) ® 3/1 6/6 0.372
Orthosis (AFO/None) b 1/3 0/12 0.084
Fugl Meyer Assessment 29.2 (1.5) 31.5(3.2) 0.287
Berg Balance scale 52.0 (3.7) 51.6 (4.4) 1.000
Short Falls Efficacy Scale

11.0 (4.3) 11.6 (4.6) 1.000

-International 2
Stroke Impairment Assessment Set
(1/2/3/4/5)

Hip flexion test ® 0/0/0/2/2 0/0/1/2/9 0.365
Knee extension test b 0/0/0/3/1 0/0/2/2/8 0.083
Ankle dorsiflexion test ® 0/0/0/3/1 0/0/0/2/10 0.033*

a: mean (Standard deviation), b: Chi-square test, c: Willcoxon rank-sum test, *: p < 0.05
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The AP GRF variability was significantly lower in the faller group across several stance sub-
phase: 11 — 20% stance sub-phase (p = 0.045), 41 - 50% stance sub-phase (p = 0.045), 51 - 60% stance
sub-phase (p = 0.034) and 61 - 70% stance sub-phase (p = 0.034) (Table 5).

Table 5. Comparison of anteroposterior ground reaction force variability during gait between the faller and non-

faller groups in post-stroke patients, adjusted for sex and orthosis.

Faller non-Faller p value effect size r

Number 4 12

Stance phase (%)

1-10% 0.154 (0.047) 0.217 (0.122) 0.363 0.227
11-20% 0.199 (0.024) 0.373 (0.242) 0.045* 0.500
21-30% 0.208 (0.052) 0.413 (0.298) 0.060 0.470
31-40% 0.198 (0.052) 0.428 (0.272) 0.079 0.440
41-50% 0.208 (0.051) 0.431 (0.236) 0.045* 0.500
51-60% 0.212 (0.053) 0.457 (0.253) 0.034* 0.531
61-70% 0.187 (0.040) 0.514 (0.270) 0.034* 0.531
71-80% 0.300 (0.242) 0.547 (0.186) 0.163 0.349
81-90% 0.467 (0.431) 0.595 (0.271) 0.505 0.167
91-100% 0.158 (0.077) 0.336 (0.122) 0.203 0.318

mean (standard deviation), Wilcoxon rank-sum test, *: p <0.05

No significant difference of GRF were between faller group and non-faller group (Table A5).

4. Discussion

This study examined differences in ground reaction force (GRF) variability across the stance
phase between the paretic and non-paretic sides of post-stroke patients and the left side of age-
matched controls, as well as its relationship with balance ability. Our findings demonstrated that
anteroposterior (AP) GRF variability on the paretic side was significantly lower than controls during
the 91-100% stance phase. Furthermore, among post-stroke patients, those with a history of falls
exhibited markedly lower AP GRF variability on the paretic side across the 11-70% stance phase than
non-fallers. To our knowledge, this is the first study to reveal that reduced AP GRF variability during
the late stance phase is a distinctive feature of post-stroke gait, and that further reductions across
multiple stance sub-phases are associated with a history of falls.

4.1. GRF During Gait in Post-Stroke Patients

After adjusting for gait speed as a covariate, no significant differences were found in AP or V
GRF between the paretic and non-paretic sides of post-stroke patients and the age-matched control’s
left side. Previous findings showing that GRF increases with gait speed, with V GRF increasing in
healthy individuals and AP GRF increasing in post-stroke patients[44,49,50]. Given that the gait
speed of our post-stroke patients was significantly lower than that of the age-matched controls, the
absence of significant differences in AP and V GRF values can be attributed to the adjustment for gait
speed as a covariate. While previous studies reported lower GRF in post-stroke patients compared to
healthy adults, those investigations did not adjust for gait speed[16,17]. Our findings are considered
different from these prior reports because our group comparisons controlled for gait speed as a
covariate.

4.2. GRF Variability During Gait in Post-Stroke Patients
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Contrary to our initial hypothesis of increased gait variability in post-stroke patients, our results
revealed that AP GRF variability within the 91%-100% stance sub-phase in post stroke patients was
significantly lower than age-matched control’s left side, with a large effect size. While previous
research has shown that gait variability generally increases with walking speed in parameters such
as V GRF and stride length[45], the significant difference in AP GRF variability between the paretic
side and the age-matched control’s left side persisted even after adjusting for gait speed. This finding
suggests that the control system prioritizes suppressing GRF variability during the pre-swing phase
on the paretic side, regardless of walking speed. This strategy of suppression appears consistent with
reports that post-stroke patients prioritize mediolateral control during complex center of mass (COM)
movements[51], potentially reflecting a mechanism to reduce movement variability and increase
stability in complex control phase [51,52]. The pre-swing phase is a complex control period[22-24],
requiring simultaneous forward propulsion via concentric plantarflexor power and shock absorption
by increasing contralateral ankle plantarflexion moment[53-55]. However, post-stroke patients
demonstrate reduced ankle plantarflexion power during the pre-swing phase[56]. Therefore, due to
impaired control of the paretic ankle plantarflexor muscles, post-stroke patients may suppress AP
GREF variability to maintain gait stability.

4.3. Association Between GRF Variability During Gait and Balance Ability

We found no direct association between paretic side AP GRF variability and balance ability in
post-stroke patients. While studies of patients with spinal cord injuries have shown that greater gait
variability is associated with reduced balance ability[28], those analyses did not adjust for gait speed.
In healthy individuals, V GRF variability increasing with increasing gait speed[45]. Furthermore, a
positive correlation has been observed between BBS scores and gait speed in post-stroke patients[57].
This suggests that gait speed may act as a confounder for the relationship between AP GRF variability
and the BBS. Additionally, the BBS is known to exhibit a ceiling effect when used with high-
functioning subjects[58]. The mean BBS score of our stroke survivors was higher than previously
reported fall risk cut-off scores (49 points[57]), the BBS may not have been sensitive enough to reflect
subtle differences among the stroke survivors in our study. Therefore, the lack of an association found
between AP GRF variability and the BBS score can be attributed to two main possibilities: 1) the
potential action of walking speed as a confounding factor, and 2) the reduced sensitivity of the BBS
due to its ceiling effect.

4.4. The Difference of GRF Variability Characteristics Between Faller and Non-Faller Groups

The AP GREF variability on the paretic side was significantly lower in the faller group during the
11 -20%, 41 — 50%, 51 — 60%, and 61 — 70% stance sub-phases, these results were sufficient effect size.
This finding contradicts previous research showing an increase in GRF variability when healthy
individuals walk in unstable environments[31]. The required coefficient of friction (RCOF), which is
calculated as the ratio of horizontal GRF to vertical GRF (the horizontal GRF / the V GRF), serves as
an index of fall risk due to slipping[59,60]. In healthy individuals, the RCOF increases during foot
contact and lift-off, which consequently increases the risk of falling[59,61,62]. In this study, the stance
sub-phase in which AP GRF variability was reduced approximated the points at which the RCOF
was known to increase in previous study[60]. Therefore, maintaining a low RCOF may require strict
control of AP GRF values, which was related to the horizontal GRF. In fact, it has been reported that
an increase in the RCOF during walking increases the incidence of falls by approximately 1.7 times
in healthy individuals[59]. Furthermore, post-stroke patients who experience falls have also exhibited
reduced gait speed variability[63], suggesting an association between decreased variability during
walking and the occurrence of falls. The decreased AP GRF variability observed in the faller group
therefore suggests a strict control of the AP GRF pattern during each gait cycle, thereby potentially
compensating for walking instability.

4.5. Limitation
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This study has several limitations, 1) our cohort of stroke survivors presented with relatively
mild motor and balance impairments. Given that the severity of motor paralysis significantly
influences GRF[49], the trends in GRF variability may differ in patients with more severe
impairments. Future studies should investigate GRF variability stratified by the severity of motor
dysfunction. 2) Although a significant difference was found between the faller and non-faller groups,
the faller group had a smaller sample size. However, the result of this study demonstrated a sufficient
effect size. While previous studies have shown a relationship between falling and gait
variability[27,28], increasing the sample size and balancing the groups in future research may reveal
new insights. 3) We did not standardize the condition of cane use during measurement. Given that
cane use can improve walking speed and stride in patients with speeds between0.4 to 0.8m/sec[64],
future study designs should account for this influence by setting conditions with and without cane
use. 4) The fixed sizing of the sensor shoes used may not have perfectly matched every participant’s
foot dimensions. Given that the sensors are placed directly on the sole of the shoe, potential errors
may exist between the anatomically defined sensor location and the actual sensor position. However,
the portability of the sensor shoes allowed us to measure continuous variability over 30 gait cycles, a
novel aspect of this study that is difficult to replicate using traditional force plates for measurement.
5) We used only the left-side GRF data from the healthy controls for comparison. While comparing
both sides of healthy controls with the paretic and non-paretic sides of stroke patients might yield
different trends, previous studies report that exhibits high bilateral symmetry during walking in
healthy individuals[65]. Therefore, using only the left side for group comparison is expected to have
a minimal impact on our overall findings.

5. Conclusions

In post-stroke patients, AP GRF variability on the paretic side during the 91 — 100% stance sub-
phase was significantly lower than in controls, and no significant correlation was found between AP
GREF variability in this stance sub-phase and the BBS score. Furthermore, post-stroke patients who
experienced falls exhibited a significant reduction in AP GRF variability during the 11 — 20%, 41 —
50%, 51 — 60%, 61 — 70% stance sub-phases on the paretic side. These findings suggested that post-
stroke patients primarily control AP GRF variability during the critical transition from the stance
phase to the swing phase. In contrast, in those who experienced falls, the suppression of AP GRF
variability across approximately half of the stance phase intervals may suggest that this excessive
suppression of variability is associated with decreased walking stability and increased fall risk.
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Appendix A

Table Al. Intraclass Correlation Coefficients (ICC 1.2) for anteroposterior (AP) and vertical (V) Ground Reaction
Force Values Measured by the shoe Sensor system.

Stance phase (%) Anteroposterior Vertical
10% 0.604 0.491
20% 0.596 0.544
30% 0.569 0.557
40% 0.642 0.620
50% 0.720 0.675
60% 0.727 0.689
70% 0.710 0.716
80% 0.699 0.705
90% 0.735 0.714
100% 0.752 0.872

Intraclass correlation coefficients (1,2).

Table A2. Comparison of anteroposterior ground reaction force during gait among the paretic side, the non-

paretic side in post-stroke patients and age-matched control’s left side, adjusted for gait speed.

paretic side non-paretic side control Fvalue pvalue n? 1-pB
Number 16 19
Stance phase (%)
1-10% —0.445(-0.414) —0.411(0.387) —0.284(0.349)  0.569 0572 0.035 0.203
11-20% —1.027(0.800) —0.967(0.654) —0.487(0.542)  2.277 0.121  0.128 0.658
21-30% —1.222(0.999) —1.192(0.776) —0.605(0.704)  2.309 0118  0.116 0.605
31-40% —1.222(1.131) —1.226(0.826) —0.543(0.804)  1.823 0180  0.119 0.617
41 -50% —1.128(1.274) —1.152(0.836) —0.324(0.910)  1.638 0213  0.138 0.697
51 -60% —1.100(1.443) —1.054(0.935) —0.148(1.124)  1.765 0190  0.133 0.679
61-70% —1.049(1.701) —0.895(1.142) 0.178(1.357) 2.564 0.095 0.142 0715
71 -80% —0.668(1.845) —0.611(1.322) 0.815(1.435) 2.998 0.066  0.181 0.837
81-90% 0.324(1.350) 0.139(1.043) 1.387(0.989) 1.143 0.332  0.209 0.900
91 - 100% 0.479(0.551) 0.463(0.661) 1.167(0.781) 1.060 0.360  0.207 0.897

mean (Standard deviation), Linear mixed model, *: p <0.05

Table A3. Comparison of vertical ground reaction force during gait among the paretic side, the non-paretic side

in post-stroke patients and age-matched control’s left side, adjusted for gait speed.
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paretic side non-paretic side control Fvalue pvalue n2 1-p
Number 16 19
Stance phase (%)
1-10% 0.825(0.228)  0.759(0.209) 0.858(0.201) 0.311 0.735 0.038 0.218
11-20% 2.178(0.928) 1.800(0.659) 2.153(0.504) 2.160 0.131 0.057 0.313
21 -30% 2977(1.033)  2.664(0.927)  2.957(0.793) 1.750 0.191 0.024 0.151
31-40% 3.379(0.792)  3.229(1.048) 3.412(0.898) 0.582 0.565 0.008 0.080
41 -50% 3.653(0.988)  3.518(1.176) 3.789(0.916) 0.112 0.895 0.013 0.099
51 -60% 4112(1.289)  4.204(1.439)  4.287(0.959) 0.074 0.929 0.004 0.063
61 -70% 4.720(1.288)  5.383(1.282)  4.691(1.208) 0.772 0.470 0.063 0.340
71 -80% 4.941(1.193)  6.198(1.928)  4.832(1.420) 1.640 0.208 0.144 0.722
81-90% 3.621(0.790)  4.752(1.955)  4.104(1.053) 1.710 0.196 0.106 0.561
91 - 100% 1.106(0.217) 1.332(0.999) 1.504(0.420)  2.192 0.127 0.068 0.368

mean (standrd deviation), “Linear mixed model, *: p < 0.05”

Table A4. Comparison of vertical ground reaction force variability during gait among the paretic side, the non-
paretic side in post-stroke patients and age-matched control’s left side, adjusted for gait speed.

paretic side  non-paretic side control F value p value n: 1-p
Number 16 19
Stance phase (%)
1-10% 0.825(0.228) 0.759(0.209) 0.858(0.201) 0.140 0.870 0.016 0.114
11-20% 2.178(0.928) 1.800(0.659) 2.153(0.504) 0.090 0.914 0.004 0.063
21 -30% 2.977(1.033) 2.664(0.927) 2.957(0.793) 0.027 0.974 0.003 0.063
31 -40% 3.379(0.792) 3.229(1.048) 3.412(0.898) 0.396 0.676 0.024 0.149
41 -50% 3.653(0.988) 3.518(1.176) 3.789(0.916) 1.001 0.378 0.045 0.253
51 - 60% 4112(1289)  4.204(1.439)  4.287(0.959) 0.753 0479  0.036 0.205
61 -70% 4.720(1.288) 5.383(1.282) 4.691(1.208) 0.453 0.640 0.030 0.175
71 - 80% 4.941(1.193) 6.198(1.928) 4.832(1.420) 0.593 0.560 0.042 0.233
81 -90% 3.621(0.790) 4.752(1.955) 4.104(1.053) 0.597 0.556 0.036 0.204
91 - 100% 1.106(0.217) 1.332(0.999) 1.504(0.420) 1.341 0.275 0.055 0.302

mean (standrd deviation), Linear mixed model, *: p < 0.05

Table A5. Comparison of anteroposterior ground reaction force during gait between the faller and non-faller

groups in post-stroke patients, adjusted for sex and orthosis.

Faller non-Faller p value effect size r

Number 4 12

Stance phase (%)

1-10% —0.723 (0.217) —0.352 (0.429) 0.856 0.045
11-20% —1.514 (0.310) —0.865 (0.855) 0.762 0.076
21-30% —1.913 (0.594) —0.992 (1.017) 0.505 0.167
31-40% —2.277 (0.624) —0.871 (1.048) 0.303 0.258
41-50% —2.445 (0.738) —0.689 (1.107) 0.130 0.379
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51-60% —2.542 (0.646) —0.619 (1.310) 0.079 0.440
61-70% —2.764 (0.581) —0.477(1.558) 0.102 0.409
71-80% —2.596 (0.547) —0.025 (1.661) 0.130 0.379
81-90% —0.997 (1.078) 0.764 (1.151) 0.163 0.349
91-100% 0.063 (0.648) 0.618 (0.463) 0.671 0.106

mean (standard deviation) , Wilcoxon rank-sum test, *: p < 0.05
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