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Test-retest reliability and usability
evaluation of a wearable plantar
pressure monitoring system for
linear and curved walking
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Fangting Chen®"’ & Zhuoming Chen**

Plantar pressure measurements provide critical insights into the structural and functional attributes of
the lower limbs and feet. While previous studies have evaluated the reliability of insole technology for
assessing foot pressure distribution during linear walking, natural motion often involves a combination
of straight walking and turning. This study aimed to validate the test-retest reliability of a wearable
in-shoe plantar pressure monitoring system for both linear and curved walking trajectories and to
determine the minimum distance required to achieve excellent reliability for each output variable.
Thirty-one healthy participants (15 females and 16 males aged 19-25 years) were recruited. Each
participant performed two testing sessions, 4—7 days apart, involving three walking conditions: linear
walking (LIN), clockwise curved walking (CW), and counterclockwise curved walking (CCW). A wearable
footwear system equipped with embedded pressure sensors was used to collect plantar pressure data.
Five key parameters—the peak pressure (PP), pressure-time integral (PTI), full width at half maximum
(FWHM), maximum pressure gradient (MaxPG), and average pressure (AP)—were analyzed across
eight foot regions. Reliability was assessed via intraclass correlation coefficients (ICCs), Bland-Altman
plots, and minimal detectable changes (MDCs). Additionally, the System Usability Scale (SUS) and
Intrinsic Motivation Inventory (IMI) were administered to evaluate usability. The wearable system
demonstrated good reliability, with ICC values of approximately 0.9 for most parameters across

all walking conditions. For whole-foot analysis, all variables presented ICCs >0.60, confirming high
reliability. The minimum distances required to achieve an ICC=0.90 were 207 m for LIN, 255 m for CW,
and 467 m for CCW. The usability scores (SUS and IMI) indicated high user satisfaction and system
acceptability. The developed wearable plantar pressure system exhibited excellent reliability and
usability for both linear and curved walking conditions. These findings support its potential for clinical
and research applications, particularly in scenarios involving mixed walking trajectories. The study
also highlights the importance of considering step count thresholds to ensure reliable assessments in
diverse walking conditions.
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Abbreviations

ICC intraclass correlation

LIN linear walking

CW clockwise curved walking

ccw counter clockwise curved walking
PP the peak pressure

PTI pressure time integral

FWHM full width at half maximum
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MaxPG maximum pressure gradient

AP average pressure

MDC minimal detectable change
SUS System Usability Scale

IMI Intrinsic Motivation Inventory
Background

The magnitude and distribution of plantar pressure can reflect the structural and functional information of the
human lower limb and foot!. When a lesion occurs in the lower limb or foot, the distribution of plantar pressure
correspondingly changes. Changes in resistance or capacitance can reflect plantar pressure variations, especially
during the detection or deformation of plantar pressure. By measuring and analyzing plantar pressure and related
parameters, physiological or pathological information about the body can be obtained, which is important for
clinical diagnosis, disease severity assessment, postoperative efficacy evaluation, and rehabilitation research?.

In recent years, with continuous advancements in technology, plantar pressure measurement technology has
demonstrated remarkable progress. The data precision and scope of this technology have progressively improved
from the use of simple footprint methods to the utilization of high-tech sensor-based optical visualization
detection, force plates, and smart insoles. Via walking measurements and analysis, the quantification of foot
problems, core stability, joint flexibility, and balance can be achieved, thereby providing an accurate reflection of
plantar pressure distribution and changes. These findings demonstrate promising application prospects in areas
such as plantar health assessment, smart insoles, foot disease diagnosis, and sports analysis®*.

Plantar pressure measurement technologies include footprint technology, plantar pressure scanning
technology, force plates and force measurement platforms, and pressure shoe and insole technologies. Among
these technologies, foot pressure plate and force measuring platform technologies have been researched for
more than 20 years, including systems such as the F-Scan system from the USA®, the novel Pedar-X system
from Germany® and the RSscan system from Belgium’. Although these systems are highly advanced, they
have limitations, including large equipment sizes, difficulties with dynamic measurement, and portability
issues® 1. The most recently developed pressure shoes and insoles integrate sensors into the insoles, thereby
offering advantages such as small sizes and portability and enabling real-time measurements of multiple plantar
pressure changes'!. The application of flexible pressure sensors allows smart insoles to wirelessly transmit
plantar pressure data to other devices or systems for in-depth analysis, thus providing comprehensive foot
health information'2. This technology has been widely applied in footwear design, medical rehabilitation, sports
science, and biometrics. Although a single assessment of plantar pressure may provide valuable insights, good
test-retest reliability is crucial for long-term tracking of plantar pressure measurements or clinical evaluations.
The reliability of in-shoe pressure technology directly impacts the accuracy of the results. Many studies have
indicated that in-shoe pressure technology is essential for accurate assessments of foot and gait pathologies'>!4.
For example, the novel Pedar-X system requires 400 steps in treadmill exercise to accurately measure step length
variations'®, whereas other studies have suggested that 5-8 steps are sufficient to reliably measure gait parameters
during linear walking'S. Therefore, the number of steps that are required to accurately assess foot conditions
under different walking states has consistently been a popular and difficult research topic.

Additionally, insole pressure systems may have certain drawbacks, such as shear stress at the foot interface and
sensor migration due to insole deformations, which can affect the accurate detection of the vertical projection
of forces on the sensor. Our research team, in collaboration with the Pillar Program of the National Key R&D
Program, has worked with the Human Data Science Engineering Center of South China University of Technology
and Zhongshan Yougan Technology Co., Ltd., to develop a wearable system for detecting plantar pressure!”!5.
This system involves embedding sensors between the sole and insole to eliminate the aforementioned concerns.
The advantage of this device is that it avoids walking along a predetermined route to independently measure
plantar pressure for each foot; additionally, the number of steps required by clinical personnel or researchers in
each walking trial can be obtained (rather than being limited to 1-2 steps on a force platform). This real-time
information is crucial for assessing the quality of gait, particularly when it is influenced by certain diseases.
Walking on a force-measuring platform can affect gait due to psychological issues, which leads to difficulties in
the accurate assessment of gait. Natural movements include both linear walking and frequent turns and curved
trajectories'®. These movements involve complex repositioning of the head, torso, pelvis, and feet, along with
posture adjustments to counteract centrifugal forces on the body and asymmetric movements of the lower
limbs?. Research has indicated that patients with neurological disorders exhibit more severe walking difficulties
on curved paths than on linear paths?!. Therefore, this study validated the reliability of the footwear system
during walking on linear and curved paths and quantified the number of steps required to achieve an ideal level
of reliable assessment in gait analysis, which provides support for relevant research.

Methods

Study design and participants

This study was designed as a single-center, repeated-measure, test-retest reliability study. Participants were
recruited through convenience sampling from healthy university students. and those meeting the following
inclusion criteria were invited to participate in the study: (1) aged>18 years; (2) capable of independent
walking; and (3) no musculoskeletal disorders diagnosed within the 6 months prior to the study or any known
deformities or diseases of the foot, ankle, lower limbs, hips, or spine. This study was performed in accordance
with the principles of the Declaration of Helsinki. The study was approved by the Ethics Committee of the First
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Affiliated Hospital of Jinan University (Ethics Approval No. KY-2020-087), and all of the participants provided
informed consent.

Sample size determination

On the basis of an anticipated effect size of 0.90, a two-tailed o of 0.05, a power (1-p) of 0.80, and an expected
dropout rate of 20%2>724, at least 16 participants were required to achieve an effect size of >0.90.To ensure the
stability of reliability estimates, 31 participants were finally included, which exceeded the required number.

Measurement device

We adopted a wearable system developed in collaboration with the Human Data Science Engineering Center
of South China University of Technology and Zhongshan Yougan Technology Co., Ltd., to detect plantar
pressure for our research!”18. The company provided technical support but had no role in study design, data
analysis, or manuscript preparation.As shown in Fig. 1, the appearance of this footwear system does not differ
from that of ordinary shoes, with only a charging port being observed on the inner side. In the sensing insole
of the footwear system, 8 pressure sensors are distributed at different positions under each foot’s insole. The
pressure measurement range of this sensor is 0 ~ 760 kPa, the sampling frequency is 20 Hz, and the frequency
characteristics are stable within 0.5-2 Hz; additionally, the response time is 90 ms, the pressure sensitivity
range is 0~40 N, the sensitivity is able to achieve a range of 0.0107 ~ 1 N-1, and it can withstand approximately
1 million pedals. Overall, the sensor features a short response time, large range, strong sensitivity, and high wear
resistance’>?°. The footwear system is able to wirelessly transmit the collected data to a Bluetooth-connected
mobile phone via a wireless data acquisition system for real-time data updates. In addition, the smart terminal
mobile app sets different colors on the basis of dynamic pressure grading, after which it updates these colors in
real time; represents the changes in the dynamic plantar pressure distribution; and displays, stores, and analyses
the collected dynamic plantar pressure signals in real time. Research has confirmed that intelligent rehabilitation
footwear systems exhibit satisfactory accuracy, repeatability, and wearing comfort®’.

Measurement procedure

Before the initiation of the experiment, the general information of the participants (including age, sex, BMI, and
shoe size) was collected. Prior to the start of the official experiment, the participants wore standardized socks
and shoes provided by the researchers for 1-2 min to adjust to the footwear system. This adjustment period was
not used for data collection.

The formal experiment consisted of two phases, with each phase involving three walking conditions: LIN,
CW, and CCW, which were implemented in a randomly assigned order. Each walking condition was tested
2 times in each phase, resulting in 3*2 trials per phase. The second phase of testing was conducted 4-7 days
after the first phase, with consistent testing conditions, walking instructions, and personnel being maintained
between the two phases.The test subjects are unaware of the previous results, and the evaluators are also unaware
of the previous measurement results.

Three walking conditions were utilized in this study. First, linear walking requires a long corridor in the
hospital with four marking strips on the floor. The distance between Marking Strip 1 and Marking Strip 2 was
2 m, that between Marking Strip 2 and Marking Strip 3 was 20 m?%, and that between Marking Strip 3 and
Marking Strip 4 was 2 m. The participants were first asked to stand in a stationary position at Marking Strip 1
and subsequently walk at a comfortable speed to Marking Strip 4, after which they stopped as they passed. Data
were recorded from Marking Strip 2 to Marking Strip 3. The first 2 m and the last 2 m were not recorded because
of known variations in spatiotemporal gait variables at the beginning and end of walking®. This procedure
was repeated 2 times. Second, curved walking requires a spacious floor in the hospital, and continuous tape

Fig. 1. Appearance of the wearable footwear system and sensor locations.
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is applied to create a circular trajectory with a radius of 1.2 m. Curved walking included both clockwise and
counterclockwise walking. The participants walked 20 m along the trajectory at a comfortable speed, performing
2 trials in each direction®®. A 2-meter starting distance and a 2-meter ending distance were marked before and
after the curved walking segment. Data were recorded for the middle 20 m of the curved walk.

During the experiment, the participants were instructed to walk in a forward direction with their heads
upright, not to focus continuously on the tape, and to walk as smoothly as possible along the tape. The walking
time was recorded via a stopwatch. After the experiment, SUS and IMI assessments were conducted in
conjunction with a Likert scale as assessment standards.

The SUS is a simple ten-item scale providing a global view of usability (range: 0-100). The IMI is a
multidimensional questionnaire with different subscales (ranging from 0 to 7), with each subscale comprising
various questions. We selected the following five aspects for evaluation: interest/enjoyment, perceived
competence, effort/importance, pressure/tension, and value/usefulness.

Independence of measurements

All repeated measurements were conducted independently under the same laboratory conditions. clinical
information of participants is not disclosed during the testing period. In addition, evaluators are independent of
subsequent statistical analyses to reduce bias.

Statistical analysis of reliability and agreement

Reliability and agreement analyses were performed in accordance with the Guidelines for Reporting Reliability
and Agreement Studies (GRRAS)*!.Owing to the large number of observation indicators, five representative
indicators, PP, PTI, FWHM, MaxPG, and AP, were selected for reliability analysis, and the average of two tests
was obtained for each phase.

Relative reliability was estimated via the intraclass correlation coefficient (ICC) and its 95% confidence
interval. Absolute reliability was assessed via the methods of Bland and Altman?2, which involve calculations of
the mean difference and the 95% limits of agreement, as well as plotting the Bland-Altman graph. Additionally,
the minimum detectable change (MDC), which represents the smallest change in a variable that reflects true
change rather than measurement error, was calculated. The MDC was computed as the standard error of
measurement (SEM) x z value x V2, where SEM =SD x V(1-ICC), with SD being the standard deviation of the
test values from all of the participants across the two phases.

Simultaneously, to determine if the ICC values varied with different variables or walking conditions, Fisher’s
z-transformation was utilized. For five representative output variables, we calculated the average z-transformed
values for the eight regions under LIN, CW, and CCW conditions (referred to as the “full-foot z score”). This
resulted in 30 full-foot z scores (5 output variables x 2 feet x 3 trajectories). Three-way ANOVA was conducted
to assess the differences in the full-foot z scores across the variables (including peak pressure, pressure-time
integral, full width at half maximum, maximum pressure gradient, and average pressure), between feet, and
across walking conditions (including LIN, CW, and CCW). Consequently, the three-way ANOVA employed
the 5 output variables, two feet, and three walking conditions as independent variables, with the z scores as the
dependent variable.

To evaluate the differences in gait speed between the two testing phases and across the three conditions,
a two-way ANOVA was subsequently performed (with phases and trajectories as independent variables and
gait speed as the dependent variable). All of the ANOVAs were followed by Tukey’s post hoc test for pairwise
comparisons.

For the IMI, reverse-scored items were first adjusted by subtracting the initial score from 8 to obtain the item
score. Subscale scores were subsequently calculated as the average of the items within each subscale. Single-
sample two-tailed t tests were performed on the subscale scores (null hypothesis: m=u). A mean score greater
than 4 indicates that participants generally agree with (rather than disagree with) the statements. For the SUS,
the score contributions for each item were summed. Each item’s score contribution ranges from 0 to 4. For items
1, 3, 5,7, and 9, the score contribution is the rating value minus 1. For items 2, 4, 6, 8, and 10, the contribution
is 5 minus the rating value. The total of these scores was multiplied by 2.5 to obtain the overall SUS score, which
ranges from 0 to 100. Scores greater than 68 are considered to indicate above average usability, and scores greater
than 80 indicate high usability, thereby suggesting that participants are likely to recommend the product to peers,
whereas scores less than 50 suggest that the product or intervention is likely to experience usability issues®>.

Because the ICC values were dependent on the distance included in the analysis and not all of the output
variables may have exhibited high ICC values, we separately estimated the ICC values for varying distance*’. To
achieve this goal, the Spearman-Brown prediction formula was used to estimate the minimum distance required
to achieve a reliability of at least 0.9 for each output variable, with ICC values from the 20-meter trials being used
in this calculation. For simplicity, the analysis was restricted to the foot regions exhibiting the lowest ICC values,
with the analysis focusing on the minimum distance required for each of the three walking states.

All of the statistical analyses were performed via SPSS 27.0 software, and Bland-Altman plots were created
via MedCalc 20.1.

Results

General information

A total of 38 volunteers were initially included in this study. Among them, 7 individuals were excluded because
their BMIs exceeded 25 kg/m” (normal range: 18.5-24.9 kg/m*per WHO guidelines)*?; thus, 31 participants (15
females and 16 males) were included in the final analysis. The participants’ ages ranged from 19 to 25 years (mean
age: 22.06 +1.88 years), with a weight of 58.39+6.36 kg and a mean body mass index (BMI) of 20.64+1.47.A
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total of 31 participants (15 females, 16 males) completed both testing sessions. Each participant performed two
trials under three walking conditions, resulting in 186 repeated measurements (31 participants x 3 conditions x
2 trials). The results are reported in full compliance with the GRRAS guidelines.

Relative reliability ICCs
For each participant, comparisons were performed between the two testing phases, resulting in a total of 240 ICC
values (5 output variables x 8 foot regions x 2 feet x 3 walking conditions). Reliability was assessed by comparing
the two trials for each variable. The ICC values were interpreted as follows: 20.90 as excellent, 0.75-0.90 as good,
0.40-0.75 as fair, and <0.40 as poor?”. Figure 2 illustrates the distribution density function of the ICC. After the
x-axis is selected, a larger corresponding y-axis value corresponds to denser parameters near the corresponding
values on the x-axis. As shown in the figure, the density map reached its peak at x=0.9, thus indicating that
the ICC was mainly distributed at approximately 0.9. Moreover, the results revealed that the 95% confidence
intervals of the ICCs overlapped, indicating that there was no significant difference in the ICCs between the foot
regions. Therefore, the 95% confidence intervals of each parameter and each part were not specifically listed.
Owing to the large number of ICCs (240), our analysis of variance revealed no significant difference between
the two feet. Therefore, we averaged the ICCs of both feet and used a color scale to display the ICC of each output
variable under the three walking conditions, as shown in Fig. 3. Although each variable presented lower ICC
values on the inner side of the midfoot in each patient, all of the ICC values were greater than 0.60.

Absolute reliability

Three metrics were employed in this study to evaluate absolute reliability: Average mean difference(AMD), 95%
Limits of AgreementLOAR, and MDC. A smaller absolute value of AMD indicates less discrepancy between
the two testing phases.The 95% LOA indicates that there is a 95% probability that the difference in value between
session 1 and session 2 lies within the limitsof agreement with narrower ranges reflecting better precision®. In
our study, The MDC represents the smallest detectable change in the system rather than measurement error,
which can be used to determine the applicable scope of the system. Due to space constraints, Tables 1, 2 and 3
present the AMD, 95% LOA, and MDC values for PP, PT1, and FWHM under three walking conditions for both
feet, Detailed results for MaxPG are provided in Supplementary Table S1, and the results for AP are provided in
Supplementary Table S2.

The mean deviation and 95% LOA can also be visually represented via Bland-Altman plots. Under three
walking conditions, a Bland-Altman plot could be created for each variable in a total of 16 areas on the left
and right feet, with a total of 240 plots generated. For the convenience of observation, in this study, we chose to
construct Bland-Altman plots of the average of each variable in 8 areas under each walking condition, as shown
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Fig. 2. ICC distribution density function diagram.
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Fig. 3. The ICC of each output variable in different regions under three walking conditions when the right foot
is considered as an example. In each case, 8 boxes represent 8 foot regions.

in Figs. 4-6.The LOA widths observed in our study are comparable to those reported in prior plantar pressure
system evaluations®>>¢, supporting the acceptable test-retest consistency of the system in most regions. However,
interpretation should still consider the specific clinical context and the magnitude of change being targeted.

Gait speed
Table 4 shows the gait speeds of all of the participants in the two phases of testing used for the reliability
calculations. As has been demonstrated in previous studies?’, the gait speed observed during linear walking was
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Left Foot Right foot
region | Average Mean difference | 95%LOA MDC | Average Mean difference | 95%LOA MDC
1 —0.449 (-6.306,5.408) | 4.301 | -0.515 (~6.884,5.854) | 4.600
2 ~0.008 (-5.386,5.369) | 3.889 | —0.756 (-5.666,4.154) | 3.643
3 -0.935 (~5.327,3.458) | 3.537 | -0.997 (=5.401,3.406) | 3.450
4 -1.019 (=5.354,3.315) | 3.487 | -0.544 (-4.021,2.932) | 2.592
cew 5 0.015 (~0.976,1.006) | 0.821 | -0.019 (-0.297,0.259) | 0.199
6 -0.249 (-2.252,1.753) | 1.516 | —0.421 (—4.040,3.198) | 2.724
7 -1.509 (~6.467,3.449) | 4.068 | —1.454 (-8.529,5.620) | 5.468
8 -0.783 (-6.089,4.523) | 3.941 | -0.396 (-5.521,4.730) | 3.632
1 —-0.689 (=7.175,5.797) | 4.817 | 0.088 (—6.514,6.690) | 4.762
2 0.128 (-4.655,4.911) | 3.374 | 0.175 (-5.116,5.467) | 3.859
3 -0.629 (—4.645,3.388) | 3.041 | -0.976 (-6.187,4.236) | 4.055
4 —-0.340 (-5.702,5.022) | 3.917 | -0.449 (—4.482,3.585) | 3.044
ow 5 -0.071 (~1.168,1.027) | 0.965 | -0.038 (-0.299,0.223) | 0.191
6 -0.021 (-2.121,2.078) | 1.536 | -0.536 (-3.165,2.093) | 2.031
7 -0.915 (-6.192,4.361) | 3.966 | —1.807 (-11.516,7.901) | 7.938
8 -0.385 (—4.922,4.153) | 3.233 | —0.961 (—6.146,4.223) | 3.941
1 —0.345 (=5.116,4.427) | 3.437 | 0.462 (-4.873,5.797) | 3.810
2 0.148 (-5.899,6.194) | 4.368 | —0.613 (-4.521,3.295) | 2.895
3 -0.871 (—4.532,2.790) | 2.921 | -1.340 (~7.455,4.775) | 4.852
LIN 4 —0.964 (—4.838,2.909) | 3.093 | -0.748 (~5.402,3.905) | 3.530
5 ~0.096 (-1.076,0.884) | 0.814 | —0.051 (-0.262,0.161) | 0.163
6 -0.359 (~2.584,1.866) | 1.747 | -0.509 (-3.386,2.368) | 2.207
7 -1.577 (-6.260,3.107) | 3.972 | -2.050 (-11.277,7.176) | 7.403
8 -0.996 (-4.135,2.143) | 2.600 | -0.637 (~5.233,3.959) | 3.357

Table 1. Reliability of PPs in eight foot Regions. Note: 95% LOA: 95% consensus limit; MDC: minimum
detectable change; bold font indicates the maximum and minimum values of the mean difference, 95% LOA,
and MDC between the left and right feet under three walking conditions.

faster than that observed during curved walking (F(2) = 38.860, P < 0.001; The comparative results are summarized
in Table 5 below). Posttests revealed no differences in gait speed between the CCW (counterclockwise walking)
and CW (clockwise walking) groups or between the two testing phases (F(1)=1.281, P=0.259). For all of the
participants, the speed change between the two testing phases did not exceed 12%?”. As shown in the table, the
coefficient of variation ranged from 9% to 12%, indicating a relatively small degree of variation.

However, three-way analysis of variance revealed that, between linear walking and curved walking conditions,
there was no difference observed in the total foot z score (ICC) among the five variables between the left and
right feet; moreover, there was no interaction observed between the two feet, walking conditions, or other
variables (P> 0.05).

Distance estimation

The findings were derived from an analysis of the data that were collected over a distance of 20 m. On the basis of
this scenario, we estimated the distance required to achieve an ICC of at least 0.90 in the least reliable foot region
during a standard 20-meter trial. We selected the regions with the lowest ICC values among the 5 variables and
applied the Spearman-Brown prediction formula to predict all three walking conditions.

Figure 7 presents the estimated results. For example, in the case of linear walking, to achieve an ICC value
greater than 0.90 in the least reliable region (with the least reliable ICC value being identified at the 4th and 5th
metatarsal heads of the FWHM), data from at least 207 m should be collected. For clockwise walking, data from
at least 255 m should be collected (with the least reliable ICC value being identified in the lateral midfoot at the
FWHM). For counterclockwise walking, data from at least 467 m should be collected (with the least reliable ICC
value being observed on the medial side of the midfoot in the PTI).

Availability analysis
Table 6 presents the scores of the five dimensions of the IMI scale (interest/enjoyment, perceived competence,
effort/importance, pressure/tension, and value/usefulness). The statistical analysis results revealed significant
differences, with the mean scores for interest/enjoyment, perceived competence, effort/importance, and value/
usefulness being above 4, whereas the mean score for pressure/tension was below 4. These results suggest that
our participants did not experience pressure and tension while using the system; rather, they considered it
interesting and valuable.

Figure 8 shows a frequency bar chart of the total SUS scale scores. Among all of the participants, none
reported a total score less than 50. 16% (total score > 80) of the participants considered the system to have high
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Left Foot Right foot
region | Average Mean difference | 95%LOA MDC | Average Mean difference | 95%LOA MDC
1 —0.081 (-1.458,1.296) | 1.025 | -0.117 (-2.144,1.910) | 1.464
2 0.160 (-1.510,1.830) | 1.222 | -0.278 (-2.484,1.927) | 1.663
3 -0.265 (-2.350,1.820) | 1.578 | -0.135 (-2.931,2.661) |2.103
4 -0.231 (-1.922,1.461) | 1.267 | -0.116 (-1.789,1.558) | 1.210
cew 5 ~0.043 (~0.714,0.629) | 0.619 | —0.007 (-0.257,0.242) | 0.182
6 -0.077 (~0.845,0.691) | 0.598 | -0.066 (-1.270,1.138) | 0.862
7 -0.376 (-2.747,1.996) | 1.780 | -0.387 (-2.734,1.961) | 1.758
8 ~0.186 (-2.198,1.826) | 1.498 | -0.255 (-1.826,1.315) | 1.162
1 —-0.282 (-2.074,1.510) | 1.392 | -0.063 (-2.113,1.987) | 1.467
2 0.055 (=2.007,2.117) | 1.487 | -0.026 (-2.028,1.976) | 1.491
3 —-0.274 (-2.308,1.759) | 1.580 | -0.375 (-3.003,2.252) | 2.007
4 -0.119 (-1.716,1.478) | 1.148 | -0.203 (-2.129,1.722) | 1.471
ow 5 -0.048 (-0.691,0.595) | 0.543 | -0.014 (-0.345,0.318) | 0.253
6 —0.054 (~1.005,0.897) | 0.731 | -0.163 (-1.095,0.769) | 0.693
7 —-0.356 (-2.553,1.841) | 1.673 | -0.573 (-4.320,3.173) | 3.022
8 -0.085 (—2.243,2.073) | 1.571 | -0.421 (-2.590,1.749) | 1.697
1 -0.089 (-1.523,1.346) | 1.076 | 0.226 (~1.452,1.903) | 1.239
2 0.163 (-1.410,1.736) | 1.142 | 0.025 (-1.748,1.798) | 1.278
3 -0.440 (-1.972,1.092) | 1.277 | -0.301 (-3.020,2.418) | 2.082
LIN 4 —-0.356 (~1.459,0.747) | 0.927 | -0.220 (-2.131,1.692) | 1.456
5 ~0.063 (-0.673,0.548) | 0.532 | —0.035 (-0.223,0.152) | 0.143
6 -0.158 (~1.051,0.736) | 0.763 | -0.165 (~1.059,0.730) | 0.674
7 -0.192 (-1.987,1.604) | 1.310 | -0.452 (-3.205,2.301) | 2.092
8 -0.060 (-1.645,1.525) | 1.138 | —0.246 (-2.129,1.638) | 1.383

Table 2. Reliability of the PTI in eight areas of the foot. Note: 95% LOA: 95% consensus limit; MDC:
minimum detectable change; bold font indicates the maximum and minimum values of the mean difference,
95% LOA, and MDC between the left and right feet under three walking conditions.

usability and may recommend the product to their peers. A total of 45% (total score>68) of the participants
considered the system to be above average in usability.

Discussion

This study was conducted to evaluate the reliability of our wearable footwear system as an assessment tool. If
plantar pressure analysis is to be used for evaluation, it is necessary to consider retest reliability values on the
basis of different scenarios. In daily life, the most common gaits include linear walking and curved walking;
therefore, it is necessary to measure these two tasks accurately. This study represents the first attempt to evaluate
the reliability of a wearable footwear system in assessing gait under three walking conditions. Moreover, on the
basis of this wearable system, we provide the distance that are required to achieve ideal reliability and verify the
usability of the system.

When a certain device system needs to be promoted for clinical use, its ICC value should exceed 0.70;
moreover, a greater clinical need for the system should require the ICC value to exceed 0.90 to ensure its
reliability. Previous studies have demonstrated that the use of insole technology can reliably evaluate pressure,
force, and area parameters during linear walking®*-%. Although few studies have focused on curved walking,
some scholars have provided precedents regarding this topic®’. Our study validated the reliability of the wearable
footwear system developed in collaboration with the National Key R&D Program to evaluate plantar pressure
during linear and curved walking, thereby enhancing the results of previous research.

Compared to conventional plantar pressure monitoring systems, the embedded wearable system developed
in this study offers distinct advantages in its technical architecture and testing efficiency. The Pedar-X system
from Germany’s Novel, relying on a capacitive sensor array, demands intricate calibration protocols and proves
highly sensitive to environmental fluctuations in temperature and humidity*!, Meanwhile, the F-Scan system
from the U.S.-based Tekscan Inc. simplifies calibration but struggles with signal drift in its piezoresistive thin-
film sensors during prolonged use*>. In contrast, our system employs an integrated piezoresistive sensor-insole
design, significantly mitigating shear force interference caused by sensor displacement, Stabilize the ICC value
of CCW around 0.89, which is better than Pedar’s reported range of 0.65-0.78 under similar conditions?.
Regarding testing efficiency, our system demands only 207 m (straight-line walking) and 255 m (clockwise
walking) to achieve an ICC>0.90, surpassing the Pedar-X’s 280 m threshold(Calculated at 0.7 m per steps)'>,
Notably, the current sampling rate of our system (20 Hz) remains lower than the Pedar-X (100 Hz)S, a key focus
for enhancement in the next-generation device.
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Left Foot Right foot
region | Average Mean difference | 95%LOA MDC | Average Mean difference | 95%LOA MDC
1 0.114 (-2.785,3.013) | 2.228 | 0.247 (-1.851,2.345) | 1.783
2 0.072 (-1.815,1.958) | 1.370 | —0.082 (-1.910,1.746) | 1.371
3 -0.017 (-1.917,1.884) | 1.518 | 0.135 (~1.740,2.009) | 1.456
4 -0.022 (-1.820,1.776) | 1.295 | -0.029 (-2.731,2.673) | 2.233
cew 5 0.467 (-7.987,8.921) | 7.309 | 0.268 (-6.653,7.190) | 5.195
6 0.243 (-2.589,3.075) | 2.401 | 0.433 (-2.093,2.958) | 1.985
7 0.126 (-1.605,1.857) | 1.398 | -0.125 (-2.186,1.936) | 1.560
8 0.060 (-1.665,1.784) | 1.412 | -0.130 (-1.880,1.621) | 1.331
1 -0.156 (-1.537,1.226) | 1.086 | 0.145 (-2.662,2.953) | 2.267
2 0.050 (-1.662,1.762) | 1.235 | 0.009 (-1.734,1.752) | 1.326
3 -0.010 (~1.288,1.268) | 0.969 | —0.047 (-1.322,1.227) | 0.929
4 0.093 (-2.156,2.342) | 1.744 | -0.086 (-2.306,2.133) | 1.809
ow 5 0.438 (-7.735,8.611) | 6.781 | 0.315 (=7.713,8.344) | 6.003
6 -0.521 (-4.192,3.150) | 3.310 | 0.090 (-2.617,2.798) | 2.063
7 -0.132 (-1.961,1.696) | 1.416 | —0.378 (—2.400,1.643) | 1.748
8 -0.028 (-1.501,1.444) | 1.107 | -0.167 (-2.631,2.296) | 2.026
1 0.281 (-1.040,1.602) | 1.109 | 0.306 (-1.715,2.327) | 1.698
2 0.435 (-1.262,2.132) | 1.387 | 0.039 (~1.398,1.476) | 1.084
3 -0.073 (~1.147,1.002) | 0.792 | -0.020 (-1.407,1.367) | 1.049
LIN 4 -0.151 (-1.952,1.651) | 1.374 | 0.233 (-2.311,2.777) | 2.223
5 ~0.463 (-8.050,7.124) | 6.373 | -0.301 (-6.355,5.753) | 4.460
6 -0.361 (-2.706,1.984) | 1.998 | -0.230 (-2.814,2.353) | 1.995
7 0.207 (-1.216,1.629) | 1.136 | 0.133 (-1.867,2.133) | 1.562
8 0.285 (-1.178,1.748) | 1.198 | —0.028 (-1.949,1.892) | 1.570

Table 3. Reliability of the FWHM in eight areas of the foot. Note: 95% LOA: 95% consensus limit; MDC:
minimum detectable change; bold font indicates the maximum and minimum values of the mean difference,
95% LOA, and MDC between the left and right feet under three walking conditions.

In our study, the reliability of the wearable system was largely dependent on plantar pressure variables and foot
regions. The peak pressure, pressure time integral, maximum pressure gradient, and average pressure parameters
demonstrated excellent reliability in most areas when walking 20 m under the three walking conditions. Previous
studies have indicated that the reliability of the midfoot region is low*>*4, which is possibly due to the lower
pressure affecting this region during walking. Our research results are consistent with these findings, as poor
reliability within the midfoot was observed. However, despite this result, we still believe that the system has
clinical and research value, as peak pressure, the pressure time integral, and average pressure are considered
relevant indicators for the development of chronic diseases in the foot, such as fractures*> or ulcers*®, whereas
most changes in foot pressure occur in the forefoot and toe regions of chronic disease patients?’. This may be
because during walking, the forefoot region usually experiences greater plantar pressure than the midfoot area
does*®. Another possible explanation is that the contour of the insole may not allow the sensor in the midfoot
area to be completely flat inside the shoe; however, our wearable system sensors are embedded at the bottom
of the shoe, thus excluding this possibility. In addition, on the basis of the results, different variables exhibit
different levels of reliability in different regions, which may be related to the calculation method used for the
variables. Our study also introduced the use of the maximum pressure gradient parameter for the first time,
which is a more detailed variable and may represent one of the reasons for the unsatisfactory reliability.

Our research results demonstrate that most of the plantar pressure variables and foot regions exhibit good
to high reliability in terms of traditional ICC interpretation. However, the 95% CI width of the ICC in our
research results is relatively large. Moreover, many other studies have reported that different plantar pressure
insole systems result in ICC values of the peak plantar pressure greater than 0.90*. Therefore, we speculate that
the traditional interpretation methods for ICCs may be too broad for clinical evaluation?®. We also decided to
focus on absolute reliability in clinical research (rather than relying solely on ICC interpretations). We used the
Bland-Altman method to calculate the mean difference and 95% limits of agreement (95% LOA) and created
Bland-Altman plots for the average plantar pressure variables in 8 regions under three walking conditions. The
95% LOA indicates that there is a 95% probability that the difference in the values between test phase 1 and test
phase 2 falls within the agreement range. Additionally, to improve the clinical interpretation of our results®, we
calculated the MDC, which determines the smallest change in value that can be considered a real change (rather
than a false change due to measurement errors)>'.

By calculating the 95% LOA and MDC, clinicians and researchers who use this wearable system should
estimate the acceptable 95% range of value differences for test-retest (95% LOA) and measure what value
change is required in targeted research (MDC) to ensure reliability. In clinical studies, when a particular plantar
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Fig. 4. Bland-Altman plot of the average of 8 regions for each variable under linear walking conditions.

pressure system is used, the ICC, 95% LOA, and MDC should be considered together as a whole. For example,
according to the traditional ICC interpretation, the reliability of the peak pressure outside of the midfoot region
was considered good in our research results. However, clinical researchers must also consider the MDC values
of the relevant output variables before deciding whether the device can be used for their expected research
objectives. Our results indicated that the MDC of peak pressure ranges from a minimum of approximately
0.163 N on the medial side of the midfoot to a maximum of approximately 7.938 N on the medial side of the
heel. This result indicates that if the peak pressure on the inner side of the midfoot is greater than 0.163 N and
the peak pressure on the inner side of the heel is greater than 7.938 N, the peak pressure in these areas of the foot
has truly changed (rather than being due to an error). Therefore, if researchers estimate target use and expect
the peak pressure change on the inner heel to be greater than 7.938 N, then the system may be suitable for use.
However, if researchers are focusing on more subtle changes in the peak pressure on the inner side of the midfoot
(<7.938 N), then this system will not be suitable for use because the value would be within the test-retest error
range; thus, by using this system, we would be unable to determine whether the changes are real or caused by
errors.

To achieve optimal reliability for all of the output variables across 8 foot regions, we demonstrated via
prediction that the collection of data involving distances of more than 467 m is required for counterclockwise
walking, along with distances of at least 255 m being required for clockwise walking and distances of at least
207 m being required for straight walking. If an individual walks 2 steps per second (with 2 steps per gait
cycle and a stride of 0.7 m), then straight walking, clockwise walking, and counterclockwise walking should be
required for durations of 2.5 min, 3.0 min, and 5.5 min, respectively.

Notably, the required meters (time) for linear and clockwise walking are approximately the same, whereas
counterclockwise walking requires more meters, which may be related to the fact that for most people, the
right side is regarded as the dominant side. In some respects, the reliability of pressure insoles is less than that
of other devices, such as pressure measurement walkways that are specifically designed for assessing kinematic
variables. However, our wearable system is positioned between insoles and walkways; moreover, it is more stable
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Fig. 5. Bland-Altman plot of the average of 8 regions for each variable under clockwise curved walking
conditions.

than simple pressure insoles because its sensors are embedded in the insole and avoid limitations associated
with walkways or force platforms, such as the restriction to linear walking or the recording of data from only
one foot at a time. Our wearable system effectively replicates daily gait patterns and is an excellent choice for
gait assessment. Via both three-way and two-way ANOVAs, we observed that although there were significant
differences in walking speed under different walking conditions, the differences demonstrated that the speed of
curve walking was indeed slower than that of straight walking; however, there was no difference in reliability
between these conditions, which indicates that the reliability of this wearable system is acceptable in both straight
and curved walking conditions and that it can be used in combined walking situations.

Limitations

We evaluated linear and curved walking conditions in healthy adults but lacked validation for different disease
populations. We will increase reliability validation for different disease populations in the future, and the results
may not be generalizable to other functional tasks, such as running, jumping, and stair climbing. While the
current study focused on normal-weight individuals to establish baseline reliability, future research should
explicitly validate the system’s performance across broader BMI ranges, particularly in overweight and obese
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Fig. 6. Bland-Altman plot of the average of 8 regions for each variable under the counterclockwise curved

walking condition.

Section 1 Section 2

LIN CW CCW | LIN Ccw CCW
Mean | 17.067 | 19.576 | 19.540 | 16.744 | 19.622 | 18.900
SD 1.732 1911 1.815 1.590 |2.225 1.712
Ccv 10.15% | 9.76% | 9.29% | 9.49% | 11.34% | 9.06%

Table 4. Gait speed (m/s) of participants in two stages under three walking conditions. Note: LIN, straight-
line walking; CW, walking clockwise; CCW, walking counterclockwise; Mean, arithmetic mean; SD, standard

deviation; CV;, coeflicient of variation.

F df | P
Two sections 1.281 | 1 0.259
Walking condition 38.860 | 2 | <0.001
Two sections*Walking condition | 0.538 | 2 0.585

Table 5. Results of the two-factor ANOVA.

Scientific Reports|  (2025) 15:37232

| https://doi.org/10.1038/s41598-025-21016-3

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1
0.9 1 o o
0.8 1 o o
0.7 7 ® ([

So61 ™ @

— O®CCWOCWOLIN
051 D@

0.4 100
0.3 T T T T 1
0 100 200 300 400 50
Meters required
Fig. 7. Meters required for different ICCs under three walking conditions.
IMI Likert Scale, Mean(SD) | t df | P
Interest/Enjoyment 5.281+1.056 27.847 | 30 | <0.001
Perceived Competence | 5.699+0.985 32.198 | 30 | <0.001
Effort/Importance 5.019+0.682 40.985 | 30 | <0.001
Pressure/Tension 1.916+0.772 13.811 | 30 | <0.001
Value/Usefulness 5.306+1.151 25.679 | 30 | <0.001
Table 6. Analysis results of the 5 dimensions of the IMI Scale.
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Fig. 8. SUS score frequency bars.

populations where altered plantar loading patterns may affect measurement accuracy.In addition, the sample
size is relatively small, which can be further increased in future studies.

Conclusions

This research simultaneously investigates the reliability and usability of wearable footwear systems for both
straight and curved walking conditions. To achieve this scientific goal, we collected reasonable distance under
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specific common walking conditions in daily life for analysis. In daily life, the walking patterns of individuals
often involve a mixture of straight and curved patterns. The curved walking pattern is an important type in daily
life; however, it may pose greater challenges to individuals with impaired functional abilities®?, and the role
of these impairments cannot be ignored. Our research demonstrates that a wearable foot pressure system can
achieve ideal reliability with a certain distance and exhibits good usability; additionally, it can be used in clinical
trials. Moreover, this research suggests that it is scientifically meaningful to comprehensively consider the ICC,
95% LOA, and MDC parameters when determining whether a system is suitable for certain scientific research.
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