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Whether children’s general foot pain related to specific foot posture remains unknown. The aim of 
the study was to determine long-term dynamic foot posture characteristics in children with general 
foot pain using smartphone-connected wearable sensors. Over a 30-day period, 94 children (37 
girls and 57 boys, mean age 9.3 years) completed the study. Children were grouped according to 
the recent history of foot pain during walking. Static rearfoot alignment was digitally measured. 
Long-term gait posture was collected using wearable sensors during 10 m of self-selected speed 
walking per day. There were 81 children in the asymptomatic group and 13 in the foot pain group. 
Static and gait parameters showed moderate to strong correlations between left and right, but only 
the left foot parameters showed group differences for foot pain. Increased static rearfoot angle (RA) 
and decreased coronal movement at toe-off (TOCP) of the left foot were significantly associated 
with foot pain (p < 0.05). This study demonstrates IMU-based identification of gait characteristics 
in children with foot pain, revealing associations with increased static rearfoot angle and reduced 
dynamic propulsion posture at coronal plane. These findings provide a foundation for developing 
IMU-based algorithms to predict musculoskeletal disorders in children, enabling early detection and 
intervention strategies.
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Abbreviations
CD	� Cadence
IV	� Instantaneous velocity
IMU	� Inertial measurement unit
RA	� Rearfoot angle
STP	� Stance percentage
SWP	� Swing percentage
TCCP	� Touch coronal projection
TCSP	� Touch sagittal projection
TCTP	� Touch transverse projection
TOCP	� Toe-off coronal projection
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TOSP	� Toe-off sagittal projection
TOTP	� Toe-off transverse projection

The prevalence of foot pain in children is often underestimated, primarily due to the assumption that it 
is less common in this age group than in adults. However, studies have reported that the incidence of lower 
extremity complaints in children ranges from 15 to 33%, indicating that foot pain may be more prevalent than 
traditionally believed1,2. The etiology of pediatric foot pain is complex, encompassing a wide range of causes and 
clinical presentations3. For example, mid-foot pain can be a symptom of common pediatric conditions, such 
as pathological flatfoot4. Foot posture is considered closely linked to foot muscle and plantar fascia properties, 
which may contribute to the development of foot pain5. One of the most commonly used assessments is static 
foot posture evaluation, such as measuring the rearfoot valgus angle6. In addition to foot posture, gait analysis 
is essential for understanding foot kinematics. Gait can be described as the process of body weight transitioning 
through space, with the propulsion phase being the most critical for moving the body forward7. Gait propulsion 
strategy is now considered a marker of gait maturation and elastic energy recycling in children8. The propulsion 
characteristics also reveal the function of the foot in maintaining stiffness and arch coordination with the first 
MTP joint9. Some studies have assessed propulsion function to help identify certain pathological conditions, 
such as muscular dystrophy, developmental coordination disorder (DCD) and cerebral palsy10–12. However, 
while many studies have focused on gait spatiotemporal parameters, limited research has been conducted on 
dynamic foot postures, particularly in children.

During childhood development, the kinematics of the human foot undergo significant changes. The arch 
of the foot develops rapidly, and gait patterns mature to resemble those of adults13,14. However, studies suggest 
that the body weight transition strategy during gait in children is not fully developed by the age of 1215. The 
relationship between evolving gait characteristics in children and associated foot symptoms remains unclear. This 
highlights the importance of regular assessment of foot function in children to better understand the interplay 
between pathological factors and clinical symptoms. To facilitate frequent gait assessment, non-laboratory-based 
methods are essential. Recent advancements have expanded gait analysis beyond expensive, highly specialized 
laboratory settings, enabling data collection during daily activities16,17. Inertial Measurement Units (IMUs) 
have emerged as a cost-effective, convenient, and efficient tool for gait data acquisition. By leveraging machine 
learning techniques, researchers can extract gait phases and other relevant parameters from IMU raw data18. The 
accuracy of IMUs has been validated, positioning them as a viable and accessible alternative to optical motion 
capture systems in gait analysis19. In summary, the use of IMUs facilitates the continuous detection of children’s 
daily gait characteristics, representing a promising field for further research.

The primary objective of this study is to examine the relationship between pediatric foot pain and both 
static and dynamic foot postural parameters, such as rearfoot valgus angle and gait postural parameters derived 
from IMU. Building on existing evidence, this study hypothesizes that pediatric foot pain is linked to distinct 
propulsion characteristics during gait.

This paper is structured as follows: The Materials and Methods section outlines the study design, including 
participant selection criteria (inclusion and exclusion), study protocol, measurement techniques, and analytical 
approaches. The Results section presents the experimental findings, comparing static and dynamic gait posture 
parameters between asymptomatic children and those with foot pain. The Discussion section interprets the 
clinical significance of the results and addresses potential limitations. Finally, the Conclusion section summarizes 
the key findings and proposes directions for future research.

The main contributions of this study are summarized as follows:

•	 Provision of multi-day gait data collected from children in natural, daily settings.
•	 Facilitation of research on children’s dynamic foot posture using Inertial Measurement Units.
•	 Identification of common gait characteristics in children with foot pain.

Related work
Recently, IMU-based machine learning methods have been applied to gait analysis in children. A study was 
conducted to test the reliability of machine-learning based three-dimensional gait analysis using IMU compared 
to optical motion capture. It showed that IMU with machine learning is a qualified alternative to the optical 
method, and reducing the number of sensors to two does not affect the consistency of the results20. Similar 
findings were reported in a study comparing IMUs with electronic walkways, demonstrating that IMUs are an 
effective tool for analyzing children’s gait21. Furthermore, several studies have utilized IMUs to detect pediatric 
conditions such as cerebral palsy22,23. These studies highlight the value of IMUs in analyzing children’s daily gait 
patterns. However, there is a notable lack of research investigating the gait postural characteristics in typically 
developing children using IMUs.

Materials and methods
Subjects
In this study, a 30-day follow-up was conducted to collect gait data from children using wearable IMU sensors. 
A total of 120 subjects were recruited from the NanFang Hospital (Guangzhou, China) at the beginning for 
regular school physical exams. During the developmental period between the ages of 7 and 11, children undergo 
a significant change in their gait maturation15. Inclusion criteria included typically developing children of both 
sexes between the ages of 7 and 11 years with normal limb appearance, normal range of height and body mass 
index (BMI), and the ability to understand and follow verbal instructions. Exclusion criteria encompassed any 
congenital neuromuscular disorders, or history of orthopedic surgery, or developmental issues, or an inability 
to follow instructions. The sample size calculation was using Power Analysis and Sample Size) 15.0 software 
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(NCSS, LLC, Kaysville, UT, USA). The sample size was determined based on the effect size calculated from the 
mean values and standard deviations (SD) of the Toe-off Coronal Projection angle (TOCP). Two-Sample T-Test 
Allowing Unequal Variance was performed with an alpha level of 0.05 and power of 95%, to solve for sample 
size. TOCP reflects the foot’s frontal movement in propulsion phase, which is important and complies to the 
hypothesis24. These parameters generated a sample size of more than 12 participants in foot pain group with 81 
participants in the asymptomatic group.

The Medical Ethics Committee of NanFang Hospital of Southern Medical University granted approval for 
the study (NFEC-2020-121). Prior to participation, comprehensive information regarding the study’s purpose 
and procedures was conveyed to both parents and children, and written informed consent was obtained. 
All methodologies employed in this investigation adhere to the principles outlined in the Declaration of 
Helsinki. This study conforms to all STROBE guidelines and reports the required information accordingly (see 
Supplementary Checklist).

Basic information
Demographic data were collected by questionnaire at baseline, including age, sex, height (cm), weight (kg), 
and BMI (kg/m2). Anthropometric measurements were obtained from the data of the regular school physical 
examinations, which were carried out by qualified school doctors. At baseline, the general history of foot pain 
was assessed by asking whether there had been any pain in either foot after walking in the past week (on a 
scale of 0–10, with 0 being no pain). Foot pain location in this study mainly refers to foot plantar area from 
metatarsophalangeal joints to heel area.

Static foot assessment
Static foot assessment was using rearfoot angle, which was calculated from digital images according to Ribeiro’s 
method6. (Fig. 1) The requirements were as follows: Children stood in a natural rest position. The camera was 
placed on the floor, approximately 50 cm behind the children’s backs. Two photographs were taken for each child 
focusing on the heels. Eligible photographs were included in the study through quality assessment. AutoCAD 
2021® software was used to quantify the rearfoot alignment. A line was drawn from the posterior calcaneal 
tuberosity to the center of the heel. A second straight line was then drawn from the lower third of the leg through 
the calcaneal center. The intersection of the extensions of both straight lines gave the rearfoot angle (degrees). 
Measurements were taken by two assessors and the analysis was based on the average value.

Fig. 1.  Measurement of the frontal alignment of the rearfoot in AutoCAD software.
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IMU data collection
Utilizing the Huawei Research Platform, the IMU data collection used a Huawei foot motion wearable sensor, 
manufactured by Huawei Technologies Co. Ltd, Shenzhen, China. The hardware specifications of the device 
comprised a triaxial accelerometer (2048 LSB/g, 200 Hz) characterized by a sensitivity of ± 16 g, and a triaxial 
gyroscope (16.4 LSB/dps, 200 Hz) with a sensitivity of ± 2000 dps. Each child was given two IMUs to attach to 
both shoes for data collection (Fig. 2).

The children were instructed to walk about 10 m at a self-selected speed on a straight concrete path for a total 
of 30 days. Online follow-up was performed daily between 16:00 and 20:00 to track the task completion. Raw 
data collected by the wearables were simultaneously transmitted to smartphones via Bluetooth, and then parents 
uploaded the data to Huawei Research’s online server. The raw data were then processed to calculate the spatio-
temporal parameters according to the algorithm generated from the motion analysis.

Dynamic foot assessment
Dynamic foot assessment includes detection of basic gait parameters and dynamic foot postural parameters. 
Spatiotemporal parameters were generally normalized by gait cycle (detected according to threshold). Dynamic 
foot postural parameters were calculated based on accelerometer and gyroscope data, the angles were calculated 
between the foot’s longitudinal axis at toe-off and heel touch phase with respect to the at rest standing position. 
The definitions of the gait parameters and dynamic foot posture parameters were shown in Tables 1, 2 and Fig. 3. 
The analysis of the dynamic foot assessment parameters used the mean of the 30-day data to reduce bias.

Taking the line between the second and third metatarsal heads and the heel point as the foot’s longitudinal 
axis, and the axis in the neutral standing position at rest as the reference line (direction is defined as forward in 
the sagittal plane), the rotation angle of the foot’s longitudinal axis to the reference line was calculated during 
the whole gait cycle. Measurements were taken at the heel touch (the beginning of stance phase) and toe-off (the 
beginning of swing phase). Definition of dynamic foot posture parameters (degrees). The analysis used the mean 
of the 30-day data to ensure consistency.

Statistical analysis
All statistical analyses were performed using the SPSS software package, version 25 (IBM Corp. 2017 release. 
IBM® SPSS® Statistics for windows, Armonk, NY: IBM Corp.). Data were expressed as mean and standard 
deviation. The normal distribution of the data was tested using the Shapiro-Wilk test, and homogeneity of 
variance was assessed using Levene’s test. Mann–Whitney U test to compare parameters between groups. An 

Parameter Abbreviation Measure unit Definition

Cadence CD steps/min The number of unipedal gait cycles completed per minute

Instantaneous velocity IV cm/s The instantaneous acceleration of the first metatarsal at the heel landing phase

Stance Percentage STP % The percentage of time between heel landing and toe off in the entire gait cycle

Swing percentage SWP % The percentage of time between toe off and the next heel landing in the entire gait cycle

Table 1.  Descriptions of the gait parameters.

 

Fig. 2.  The placement of the IMU on the shoe: the black arrow points to the IMU, the red arrow points to the 
longitudinal axis of the foot.
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independent t-test was used to compare the rearfoot angle between groups. Correlations between parameters 
were calculated using Pearson’s method. Based on common classification criteria, correlations were categorized 
as follows: Strong correlation: 0.7 <|r|< 1; Moderate correlation: 0.3 <|r|< 0.7; Weak correlation: 0 <|r|< 0.3; No 
correlation: |r|< 0.3. Bivariate logistic regression was performed (forward: conditional) with rearfoot valgus 
angle and all gait posutral parameters in left foot, adjusted for age, height, weight, and BMI. The Hosmer & 
Lemeshow test was used to test model fit. A p-value of less than 0.05 was considered statistically significant.

Results
Demographics
A total of 120 children were initially enrolled in the study. Of these, 26 dropped out due to personal reasons, 
as they were unable to complete the 30-day gait data collection. The remaining 94 participants successfully 
completed the 30-day task and provided valid data, with 39% being female (n = 37). The participants had an 
average age of 9.3 years (range: 7–11 years), with a mean height of 129.8 cm and a mean weight of 27.6 kg. 
(Table 3) Among the participants, 81 were asymptomatic, while 13 reported a history of foot pain. Notably, 

Groups

Parameters

N Age (y) Weight (kg) Height (cm) BMI (kg/m2)

Total 94 9.3 ± 1.3 27.6 ± 7.2 129.8 ± 9.7 16.2 ± 3.0

Asymptomatic 81 9.2 ± 1.3* 27.0 ± 7.1* 129.1 ± 9.6 16.0 ± 3.2*

Foot-pain 13 10.0 ± 1.2* 31.2 ± 7.1* 134.2 ± 10.0 17.1 ± 2.0*

Table 3.  Demographics of participants (Mean ± S.D.) BMI: body mass index. *Mann–Whitney U test showed 
statistically significant differences in age, weight, and BMI between asymptomatic and foot-pain groups (Age 
p = 0.024, Weight p = 0.025, BMI p = 0.032).

 

Fig. 3.  Diagram of the detection of the dynamic foot posture (take the toe-off phase as an example). The red 
dotted line (dark) is taken as the foot’s longitudinal axis. The axis in the neutral standing position at rest is 
taken as the reference line (light). The angle between two red dotted lines was calculated in sagittal (a), coronal 
(b) and transverse (c) projection.

 

Parameters Abbreviations Definition

Touch Coronal Projection TCCP The average value of the angles of the projection of foot longitudinal 
axis on coronal plane at touch phase and at rest standing position

Touch Sagittal Projection TCSP The average value of the angles of the projection of foot longitudinal 
axis on sagittal plane at touch phase and at rest standing position

Touch Transverse Projection TCTP The average value of the angles of the projection of foot longitudinal 
axis on transverse plane at touch phase and at rest standing position

Toe-off Coronal Projection TOCP The average value of the angles of the projection of foot longitudinal 
axis on coronal plane at toe-off phase and at rest standing position

Toe-off Sagittal Projection TOSP The average value of the angles of the projection of foot longitudinal 
axis on sagittal plane at toe-off phase and at rest standing position

Toe-off Transverse Projection TOTP The average value of the angles of the projection of foot longitudinal 
axis on transverse plane at toe-off phase and at rest standing position

Table 2.  Definitions of dynamic foot posture assessed with angles between foot longitudinal axis at motion 
and at rest standing position.
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participants in the foot pain group showed slightly higher values for age, weight, and BMI compared to those in 
the asymptomatic group. These differences were accounted for and adjusted in subsequent regression analysis.
The inter-rater agreement for RA measurements between the two operators was excellent, with an ICC of 0.98 
(95% CI 0.970–0.989).

Correlations between parameters
The correlation analysis revealed that among all examined parameters, only cadence (CD) demonstrated 
significant associations with basic anthropometric measures. Specifically, CD showed moderate negative 
correlations with both age (r = − 0.34, p < 0.01) and body height (r = − 0.37, p < 0.01). Notably, no other static or 
dynamic parameters exhibited significant correlations with age, body weight, body height, or BMI (all p > 0.05).

The comprehensive correlation matrix, encompassing all examined parameters (RA, CD, IV, STP, SWP, 
TCTP, TCSP, TCCP, TOSP, TOCP, and TOTP), is visually presented in Fig. 4. This matrix provides a detailed 
overview of the interrelationships among these gait postural parameters.

The analysis revealed moderate inter-correlations among spatial–temporal parameters (CD, IV, STP, SWP) in 
both feet, with the exception of IV and STP in the right foot, which showed no correlation (r = − 0.26, p < 0.05). 
CD-IV was postively correlated (left r = 0.54, right r = 0.58, p < 0.01), while STP-SWP was negatively correlated 
(left r = − 0.43, right r = − 0.32, p < 0.01). Speed-related parameters (IV and CD) demonstrated consistent patterns, 
showing positive correlations with SWP (IV: left r = 0.45, right r = 0.46, p < 0.01; CD: left r = 0.59, right r = 0.61, 
p < 0.01) and negative correlations with STP (IV: left r = − 0.35, p < 0.01; CD: left r = − 0.50, right r = − 0.45, 
p < 0.01) across both extremities.

Furthermore, significant relationships were identified between spatial–temporal parameters and gait 
postural parameters (TCSP, TCCP, TCTP, TOSP, TOCP, TOTP). Specifically, CD and IV exhibited moderate 
positive correlations with TOSP bilaterally (CD:left r = 0.32, right r = 0.30, p < 0.01; IV: left r = 0.54, right r = 0.58, 
p < 0.01), while showing no significant associations with other gait postural parameters. Notably, STP displayed 
a moderate negative correlation with TOCP exclusively in the right foot (r = − 0.46, p < 0.01). Conversely, SWP 
showed a weak positive correlation with TCTP only in the left foot (r = 0.30, p < 0.05).

Static RA demonstrated no significant associations with any dynamic parameters in either extremity (p > 0.05 
or |r|< 0.3 for all correlations). Regarding gait postural parameters during the touch phase, the sagittal plane 
parameter (TCSP) showed no significant correlation with either coronal (TCCP) or transverse plane parameters 
(TCTP). However, a moderate positive correlation was observed between TCCP and TCTP bilaterally (left: 
r = 0.39, p < 0.01; right: r = 0.40, p < 0.01).

During the toe-off phase, transverse plane parameters (TOTP) exhibited moderate to strong negative 
correlations with sagittal plane parameters (TOSP) in both feet (left: r = − 0.47, p < 0.01; right: r = − 0.60, p < 0.01). 
Notably, coronal plane parameters (TOCP) displayed plane-specific correlations exclusively in the right foot, 
showing a moderate negative correlation with sagittal parameters (TOSP: r = − 0.43, p < 0.01) and a stronger 
positive correlation with transverse parameters (TOTP: r = 0.57, p < 0.01).

Significant inter-phase correlations were observed in gait postural parameters between the touch phase and 
toe-off phase across both feet. Statistical analysis indicated that TCSP showed a moderate positive correlation 
with TOSP bilaterally (left: r = 0.52, p < 0.01; right: r = 0.55, p < 0.01), whereas it demonstrated moderate negative 
correlations with TOTP (left: r = − 0.33, p < 0.01; right: r = − 0.43, p < 0.01). A lateralized pattern was evident in 
TCCP-TOCP correlations, with significant positive association only in the right foot (r = 0.37, p < 0.01). Notably, 
TOTP exhibited the strongest positive correlations with TCTP in both feet (left: r = 0.69, p < 0.01; right: r = 0.66, 

Fig. 4.  Heat map of the correlation (− 1 ≤ r ≤ 1) between static and dynamic parameters in the left and right 
foot (p < 0.05).

 

Scientific Reports |         (2025) 15:7767 6| https://doi.org/10.1038/s41598-025-91374-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


p < 0.01). Furthermore, TCTP displayed asymmetric correlations, showing a moderate negative association with 
TOSP in the right foot (r = − 0.38, p < 0.01) but a positive correlation with TOCP in the left foot (r = 0.32, p < 0.01).

Analysis of group differences in static and dynamic parameters
The analysis revealed a notable lateralization effect, with only left foot parameters demonstrating significant 
group differences across both static and dynamic measures (Table 4). Comparative analysis between the foot-
pain and asymptomatic groups showed distinct gait postural alterations. Specifically, the foot-pain group 
exhibited a significantly higher mean rearfoot angle (RA) (13.9° ± 6.8°) compared to the asymptomatic group 
(10.0° ± 4.8°; p < 0.05). Conversely, the foot-pain group displayed reduced mean values in both swing percentage 
(SWP) (38% ± 8% vs. 41% ± 7%; p < 0.05) and toe-off coronal projection angles (TOCP) (9.4° ± 2.5° vs. 13.6° ± 7.5°; 
p < 0.05) relative to the asymptomatic group. (Fig. 5) These findings suggest distinct gait postural alterations 
associated with foot pain, particularly in the left extremity.

Bivariate logistic regression analysis
A bivariate logistic regression analysis was performed to identify potential predictors of foot pain. The model 
incorporated foot pain group as the dependent variable, with all gait postural parameters and rearfoot angle 
(RA) in the left foot as independent variables, while controlling for age, height, weight, and BMI as covariates. 

Fig. 5.  Measurement with significant group differences. RA, Rearfoot angle; SWP, Swing percentage; TOCP, 
Toe-off Coronal Projection.

 

Parameters

Left Right

Asymptomatic Foot-pain Asymptomatic Foot-pain

RA (degrees)a 10.0 ± 4.8# 13.9 ± 6.8# 11.0 ± 5.3 9.8 ± 3.9

CD (steps/min) 116 ± 9 113 ± 14 116 ± 9 115 ± 13

IV (cm/s) 78 ± 12 80 ± 14 78 ± 11 80 ± 14

STP (%) 62 ± 2 63 ± 2 62 ± 2 63 ± 2

SWP (%)b 41 ± 7* 38 ± 8* 41 ± 6 38 ± 8

TCSP (degrees) 13.2 ± 3.9 13.3 ± 3.9 13.6 ± 4.1 13.8 ± 3.7

TCCP (degrees) 6.5 ± 2.1 6.3 ± 2.5 6.8 ± 2.3 6.6 ± 2.7

TCTP (degrees) 5.4 ± 2.0 4.8 ± 1.5 5.6 ± 2.0 5.4 ± 2.2

TOSP (degrees) 52.2 ± 7.5 49.7 ± 7.9 51.3 ± 8.2 49.3 ± 7.7

TOCP (degrees) b 13.6 ± 7.5* 9.4 ± 2.5* 13.8 ± 8.6 12.0 ± 4.1

TOTP (degrees) 14.0 ± 7.2 11.8 ± 4.7 14.1 ± 6.8 12.0 ± 4.5

Table 4.  Gait parameters and rearfoot angle in asymptomatic and foot pain groups (Mean ± S.D.). 
aIndependent t-test showed statistically significant differences between asymptomatic and foot-pain groups 
(#RA, p = 0.011). bMann–Whitney U test showed statistically significant differences between asymptomatic and 
foot-pain groups (*SWP, p = 0.041; *TOCP, p = 0.004).
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Model adequacy was confirmed through the Hosmer–Lemeshow test, which indicated satisfactory model fit 
at all stages (p > 0.05). The analysis revealed two significant independent predictors of foot pain: left rearfoot 
angle (RA) (OR 1.15, 95% CI 1.02–1.29, p = 0.021) and left toe-off coronal projection (TOCP) (OR 0.76, 95% CI 
0.60–0.95, p = 0.016). These associations were visually represented in Fig. 6.

Discussion
This study reveals distinct long-term gait postural characteristics in children with foot pain, particularly 
in rearfoot angle (RA), swing phase percentage (SWP), and toe-off coronal projection angle (TOCP). These 
findings provide valuable insights into the biomechanical alterations associated with pediatric foot pain and 
highlight the potential of IMU technology for early detection and intervention.

The significantly larger rearfoot angle observed in children with foot pain suggests potential rearfoot valgus 
or eversion, indicating a pronated rearfoot posture. While rearfoot valgus is often associated with biomechanical 
alterations and increased risk of lower extremity injuries during intense movement, its clinical significance 
in children remains debated25,26. Some researchers consider foot pronation in children as a developmental 
variation, whereas others argue it may predispose to biomechanical issues27,28. Our findings support the latter 
perspective, indicating that altered foot posture in children warrants attention due to its potential to contribute 
to biomechanical problems, such as elevated plantar load under the medial foot—a known feature of plantar 
fasciopathy29.

Swing phase duration, a critical parameter for assessing balance control and propulsion function, was 
significantly reduced in children with foot pain. However, regression analysis did not identify SWP as a 
significant predictor of foot pain, suggesting that foot pain may not markedly alter overall gait patterns. This 
finding aligns with previous studies showing that children with foot pain maintain a regular gait cadence under 
self-selected speed conditions17,30. Nevertheless, subtle changes in gait posture, particularly during the toe-off 
phase, were detected, underscoring the importance of propulsion function in pediatric foot pain.

Significant differences in coronal plane motion during the toe-off phase were observed in children with foot 
pain, with reduced motion range compared to asymptomatic individuals. This finding challenges the traditional 
mid-foot rigid lever theory, which posits that the foot should become stiff during gait propulsion. Recent studies 
suggest that normal midfoot motion should exhibit a range close to 15° in the coronal and transverse planes31. 
Our results support this revised perspective, indicating that restricted coronal motion during propulsion may 
impair the midfoot’s ability to transfer body weight and propel the center of mass forward. To our knowledge, 
this is the first study to report propulsive coronal foot movement in a pediatric population, offering new insights 
for future research.

Consistent with previous studies, no significant correlation was found between static rearfoot angle and 
dynamic postural parameters32. This suggests that static and dynamic foot postures may independently influence 
foot pain outcomes. Regression analysis identified static rearfoot angle as a promotive factor for foot pain, while 
dynamic TOCP acted as protective factors. This highlights the complex interplay between static and dynamic 
biomechanical factors in pediatric foot pain.

The findings underscore the potential of IMU technology for detecting foot pain risks in children, particularly 
through the evaluation of static foot posture and dynamic propulsion function. Continuous gait data recording 
could further enhance the identification of pathological gait patterns, enabling earlier intervention. However, 

Fig. 6.  Adjusted OR (95% CI) for foot pain in a bivariate logistic regression analysis. RA, Rearfoot Angle; 
TOCP, Toe-off Coronal Projection. OR < 1.0 indicates a protective effect, OR > 1.0 indicates a promotive effect.
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this study has limitations. First, significant results were observed only in the left foot, potentially due to laterality 
effects or sampling bias. However, previous studies have noted that the left foot may be more sensitive to postural 
changes33. Second, the relatively small sample size in the foot pain group may have influenced model estimates, 
although the use of long-term data partially mitigated this issue. Third, the study employed a standardized 
protocol rather than continuous daily activity monitoring, which was meant to better normalize the gait pattern 
collection. Future studies should prioritize continuous data collection to validate these findings and provide 
more pragmatic solutions.

Conclusions
This study demonstrates the utility of IMU technology in characterizing long-term gait patterns in children with 
foot pain. The findings indicate that pediatric foot pain is associated with two distinct biomechanical features: 
increased static rearfoot angle and reduced dynamic propulsion posture in the coronal plane. Furthermore, the 
results corroborate the relationship between restricted foot motion range during propulsion and foot pain in 
pediatric populations. The observed lateralization effect, with significant differences primarily evident in the left 
foot, suggests the potential influence of functional laterality in pediatric gait pathology. These findings provide 
a scientific foundation for developing IMU-based algorithms to predict musculoskeletal disorders in children, 
offering potential for early detection and intervention strategies.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 11 October 2024; Accepted: 20 February 2025

References
	 1.	 Fuglkjær, S., Dissing, K. B. & Hestbæk, L. Prevalence and incidence of musculoskeletal extremity complaints in children and 

adolescents. A systematic review. BMC Musculoskelet. Disord. 18(1), 418. https://doi.org/10.1186/s12891-017-1771-2 (2017).
	 2.	 Bishop, J. L., Northstone, K., Emmett, P. M. & Golding, J. Parental accounts of the prevalence, causes and treatments of limb pain 

in children aged 5 to 13 years: A longitudinal cohort study. Arch. Dis. Child. 97(1), 52–53. https://doi.org/10.1136/adc.2009.181149 
(2012).

	 3.	 Aiyer, A. & Hennrikus, W. Foot pain in the child and adolescent. Pediatr. Clin. North Am. 61(6), 1185–1205. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​
1​6​/​j​.​p​c​l​.​2​0​1​4​.​0​8​.​0​0​5​​​​ (2014).

	 4.	 Böhm, H. & Dussa, C. U. Clinical, radiographic and gait parameters associated with medial arch pain in the flexible pediatric 
flatfoot. J. Foot Ankle Surg. 62(4), 637–643. https://doi.org/10.1053/j.jfas.2023.01.008 (2023).

	 5.	 Angin, S., Mickle, K. J. & Nester, C. J. Contributions of foot muscles and plantar fascia morphology to foot posture. Gait Posture 
61, 238–242. https://doi.org/10.1016/j.gaitpost.2018.01.022 (2018).

	 6.	 Ribeiro, A. P., Sacco, I. C., Dinato, R. C. & João, S. M. Relationships between static foot alignment and dynamic plantar loads in 
runners with acute and chronic stages of plantar fasciitis: A cross-sectional study. Braz. J. Phys. Ther. 20(1), 87–95. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​
/​1​0​.​1​5​9​0​/​b​j​p​t​-​r​b​f​.​2​0​1​4​.​0​1​3​6​​​​ (2016).

	 7.	 Pazhooman, H., Alamri, M. S., Pomeroy, R. L. & Cobb, S. C. Foot kinematics in runners with plantar heel pain during running gait. 
Gait Posture 104, 15–21. https://doi.org/10.1016/j.gaitpost.2023.05.019 (2023).

	 8.	 Lye, J., Parkinson, S., Diamond, N., Downs, J. & Morris, S. Propulsion strategy in the gait of primary school children; the effect of 
age and speed. Hum. Mov. Sci. 50, 54–61. https://doi.org/10.1016/j.humov.2016.10.007 (2016).

	 9.	 Costa, M. D. C., Natour, J., Oliveira, H. A. V., Terreri, M. T. & Len, C. A. Gait in children and adolescents with idiopathic 
musculoskeletal pain. Adv. Rheumatol. 59(1), 7. https://doi.org/10.1186/s42358-019-0052-1 (2019).

	10.	 Rijken, N. H., van Engelen, B. G., de Rooy, J. W., Weerdesteyn, V. & Geurts, A. C. Gait propulsion in patients with facioscapulohumeral 
muscular dystrophy and ankle plantarflexor weakness. Gait Posture 41(2), 476–481. https://doi.org/10.1016/j.gaitpost.2014.11.013 
(2015).

	11.	 Diamond, N., Downs, J. & Morris, S. “The problem with running”–comparing the propulsion strategy of children with 
developmental coordination disorder and typically developing children. Gait Posture 39(1), 547–552. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​g​a​i​
t​p​o​s​t​.​2​0​1​3​.​0​9​.​0​0​7​​​​ (2014).

	12.	 Piitulainen, H., Kulmala, J. P., Mäenpää, H. & Rantalainen, T. The gait is less stable in children with cerebral palsy in normal and 
dual-task gait compared to typically developed peers. J. Biomech. 117, 110244. https://doi.org/10.1016/j.jbiomech.2021.110244 
(2021).

	13.	 Xiong, Q., Wan, J., Jiang, S. & Liu, Y. Age-related differences in gait symmetry obtained from kinematic synergies and muscle 
synergies of lower limbs during childhood. Biomed. Eng. Online 21(1), 61 (2022).

	14.	 Mahaffey, R., Le Warne, M., Blandford, L. & Morrison, S. C. Age-related changes in three-dimensional foot motion during barefoot 
walking in children aged between 7 and 11 years old. Gait Posture 95, 38–43. https://doi.org/10.1016/j.gaitpost.2022.04.001 (2022).

	15.	 Nuñez-Lisboa, M. et al. Effect of age and speed on the step-to-step transition strategies in children. J. Biomech. 157, 111704. ​h​t​t​p​s​
:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​j​b​i​o​m​e​c​h​.​2​0​2​3​.​1​1​1​7​0​4​​​​ (2023).

	16.	 Okamura, K. et al. Effects of plantar intrinsic foot muscle strengthening exercise on static and dynamic foot kinematics: A pilot 
randomized controlled single-blind trial in individuals with pes planus. Gait Posture 75, 40–45. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​g​a​i​t​p​o​s​t​.​
2​0​1​9​.​0​9​.​0​3​0​​​​ (2020).

	17.	 Prasanth, H. et al. Wearable sensor-based real-time gait detection: A systematic review. Sensors 21(8), 2727. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​.​3​3​9​
0​/​s​2​1​0​8​2​7​2​7​​​​ (2021).

	18.	 Menz, H. B., Dufour, A. B., Riskowski, J. L., Hillstrom, H. J. & Hannan, M. T. Association of planus foot posture and pronated 
foot function with foot pain: the Framingham foot study. Arthritis Care Res. 65(12), 1991–1999. https://doi.org/10.1002/acr.22079 
(2013).

	19.	 Jocham, A. J., Laidig, D., Guggenberger, B. & Seel, T. Measuring highly accurate foot position and angle trajectories with foot-
mounted IMUs in clinical practice. Gait Posture 108, 63–69. https://doi.org/10.1016/j.gaitpost.2023.11.002 (2024).

	20.	 Mohammadi Moghadam, S., Ortega Auriol, P., Yeung, T. & Choisne, J. 3D gait analysis in children using wearable sensors: 
Feasibility of predicting joint kinematics and kinetics with personalized machine learning models and inertial measurement units. 
Front. Bioeng. Biotechnol. 12, 1372669. https://doi.org/10.3389/fbioe.2024.1372669 (2024).

	21.	 Carroll, K. et al. Comparability between wearable inertial sensors and an electronic walkway for spatiotemporal and relative phase 
data in young children aged 6–11 years. Gait Posture. 111, 30–36. https://doi.org/10.1016/j.gaitpost.2024.04.003 (2024).

Scientific Reports |         (2025) 15:7767 9| https://doi.org/10.1038/s41598-025-91374-5

www.nature.com/scientificreports/

https://doi.org/10.1186/s12891-017-1771-2
https://doi.org/10.1136/adc.2009.181149
https://doi.org/10.1016/j.pcl.2014.08.005
https://doi.org/10.1016/j.pcl.2014.08.005
https://doi.org/10.1053/j.jfas.2023.01.008
https://doi.org/10.1016/j.gaitpost.2018.01.022
https://doi.org/10.1590/bjpt-rbf.2014.0136
https://doi.org/10.1590/bjpt-rbf.2014.0136
https://doi.org/10.1016/j.gaitpost.2023.05.019
https://doi.org/10.1016/j.humov.2016.10.007
https://doi.org/10.1186/s42358-019-0052-1
https://doi.org/10.1016/j.gaitpost.2014.11.013
https://doi.org/10.1016/j.gaitpost.2013.09.007
https://doi.org/10.1016/j.gaitpost.2013.09.007
https://doi.org/10.1016/j.jbiomech.2021.110244
https://doi.org/10.1016/j.gaitpost.2022.04.001
https://doi.org/10.1016/j.jbiomech.2023.111704
https://doi.org/10.1016/j.jbiomech.2023.111704
https://doi.org/10.1016/j.gaitpost.2019.09.030
https://doi.org/10.1016/j.gaitpost.2019.09.030
https://doi.org/10.3390/s21082727
https://doi.org/10.3390/s21082727
https://doi.org/10.1002/acr.22079
https://doi.org/10.1016/j.gaitpost.2023.11.002
https://doi.org/10.3389/fbioe.2024.1372669
https://doi.org/10.1016/j.gaitpost.2024.04.003
http://www.nature.com/scientificreports


	22.	 Gerber, C. N., Carcreff, L., Paraschiv-Ionescu, A., Armand, S. & Newman, C. J. Reliability of single-day walking performance and 
physical activity measures using inertial sensors in children with cerebral palsy. Ann. Phys. Rehabil. Med. 64(3), 101250. ​h​t​t​p​s​:​/​/​d​
o​i​.​o​r​g​/​1​0​.​1​0​1​6​/​j​.​r​e​h​a​b​.​2​0​1​9​.​0​2​.​0​0​3​​​​ (2021).

	23.	 Paraschiv-Ionescu, A. et al. Locomotion and cadence detection using a single trunk-fixed accelerometer: Validity for children with 
cerebral palsy in daily life-like conditions. J. Neuroeng. Rehabil. 16(1), 24. https://doi.org/10.1186/s12984-019-0494-z (2019).

	24.	 Magalhães, F. A. et al. Midfoot passive stiffness affects foot and ankle kinematics and kinetics during the propulsive phase of 
walking. J. Biomech. 119, 110328. https://doi.org/10.1016/j.jbiomech.2021.110328 (2021).

	25.	 Fujishita, H. et al. Effects of rearfoot eversion on foot plantar pressure and spatiotemporal gait parameters in adolescent athletes. 
Healthcare 11(13), 1842. https://doi.org/10.3390/healthcare11131842 (2023).

	26.	 Ikuta, Y. et al. An association between excessive valgus hindfoot alignment and postural stability during single-leg standing in 
adolescent athletes. BMC Sports Sci. Med. Rehabil. 14(1), 64. https://doi.org/10.1186/s13102-022-00457-7 (2022).

	27.	 Moisan, G., Griffiths, I. & Chicoine, D. Flat feet: deformities or healthy anatomical variants?. Br. J. Sports Med. 57(24), 1536–1537. 
https://doi.org/10.1136/bjsports-2023-107183 (2023).

	28.	 Sato, T. et al. The interrelationship between three-dimensional foot mobility and bodyweight bearing. J. Phys. Ther. Sci. 35(3), 
199–203. https://doi.org/10.1589/jpts.35.199 (2023).

	29.	 Chow, T. H., Chen, Y. S. & Hsu, C. C. Relationships between plantar pressure distribution and rearfoot alignment in the taiwanese 
college athletes with plantar fasciopathy during static standing and walking. Int. J. Environ. Res. Public Health 18(24), 12942 (2021).

	30.	 Su, B., Smith, C. & Gutierrez, F. E. Gait phase recognition using deep convolutional neural network with inertial measurement 
units. Biosensors 10(9), 109. https://doi.org/10.3390/bios10090109 (2020).

	31.	 Behling, A. V., Rainbow, M. J., Welte, L. & Kelly, L. Chasing footprints in time—Reframing our understanding of human foot 
function in the context of current evidence and emerging insights. Biol. Rev. Camb. Philos. Soc. 98(6), 2136–2151. ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​
1​0​.​1​1​1​1​/​b​r​v​.​1​2​9​9​9​​​​ (2023).

	32.	 Origo, D. et al. Foot posture index does not correlate with dynamic foot assessment performed via baropodometric examination: 
A cross-sectional study. Healthcare (Basel). 12(8), 814 (2024).

	33.	 Cowley, E. & Marsden, J. The effects of prolonged running on foot posture: A repeated measures study of half marathon runners 
using the foot posture index and navicular height. J. Foot Ankle Res. 6, 20. https://doi.org/10.1186/1757-1146-6-20 (2013).

Acknowledgements
Grateful thanks were sent to those who helped and participated in the study.

Author contributions
ZYF contributed to the design of the study, data reduction/analysis and drafted the first draft; JYL contributed 
to the design of the study, data curation and supervision; HJW, FHL, YKL, CC contributed to the design of the 
study, data curation and supervision, revision of the manuscript. YWL, YWW, CZG, SYX, XLP, LGZ, MSF, KRZ, 
WL, KZ contributed to data collection and analysis. All authors contributed to drafting the manuscript. All au-
thors read and approved the final version of the manuscript and agree with the order of authorship. ZYF is the 
guarantor of this work and, as such, had full access to all the data in the study and takes responsibility for the 
integrity of the data and the accuracy of the data analysis.

Funding
This study was supported by the National Natural Science Foundation of China (No. 82374605); Administration 
of Traditional Chinese Medicine of Guangdong Province, China (No. 20241199); the Sanming Project of Medi-
cine in Shenzhen (No. SZZYSM202108013); the Innovation Team and Talents Cultivation Program of National 
Administration of Traditional Chinese Medicine (No. ZYYCXTD-C-202003); and the National Natural Science 
Foundation of China (No. 82072430).

Declarations

Competing interests
The authors declare no competing interests.

Consent for publication
All authors have read and approved the final version of the manuscript, and agree with the order of 
presentation of the authors.

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​5​-​9​1​3​7​4​-​5​​​​​.​​

Correspondence and requests for materials should be addressed to Y.-K.L., F.-H.L. or C.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Scientific Reports |         (2025) 15:7767 10| https://doi.org/10.1038/s41598-025-91374-5

www.nature.com/scientificreports/

https://doi.org/10.1016/j.rehab.2019.02.003
https://doi.org/10.1016/j.rehab.2019.02.003
https://doi.org/10.1186/s12984-019-0494-z
https://doi.org/10.1016/j.jbiomech.2021.110328
https://doi.org/10.3390/healthcare11131842
https://doi.org/10.1186/s13102-022-00457-7
https://doi.org/10.1136/bjsports-2023-107183
https://doi.org/10.1589/jpts.35.199
https://doi.org/10.3390/bios10090109
https://doi.org/10.1111/brv.12999
https://doi.org/10.1111/brv.12999
https://doi.org/10.1186/1757-1146-6-20
https://doi.org/10.1038/s41598-025-91374-5
https://doi.org/10.1038/s41598-025-91374-5
http://www.nature.com/scientificreports


Open Access   This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide 
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have 
permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence 
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​:​/​/​c​r​e​a​t​i​v​e​c​o​m​m​o​
n​s​.​o​r​g​/​l​i​c​e​n​s​e​s​/​b​y​-​n​c​-​n​d​/​4​.​0​/​​​​​.​​

© The Author(s) 2025 

Scientific Reports |         (2025) 15:7767 11| https://doi.org/10.1038/s41598-025-91374-5

www.nature.com/scientificreports/

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Long term gait postural characteristics of children with general foot pain using smartphone connected wearable sensors
	﻿Related work
	﻿Materials and methods
	﻿Subjects
	﻿Basic information
	﻿Static foot assessment
	﻿IMU data collection
	﻿Dynamic foot assessment
	﻿Statistical analysis

	﻿Results
	﻿Demographics
	﻿Correlations between parameters
	﻿Analysis of group differences in static and dynamic parameters
	﻿Bivariate logistic regression analysis

	﻿Discussion
	﻿Conclusions
	﻿References


