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Abstract
Purpose  Postural control matures during childhood alongside the musculoskeletal system, though development is often 
asynchronous and influenced by sex. In this process, foot morphology is especially relevant, as the plantar surface provides 
key somatosensory input to the central nervous system. However, the role of foot-ground interaction in balance regulation 
remains largely unexplored. In this study, we attempted to clarify the association between foot morphology—measured via 
footprint-based indices—and static balance through postural sway analysis.
Methods  Using a pressure platform, we simultaneously collected data on center of pressure (COP) trajectories during quiet 
upright stance and plantar pressure distribution in a sample of 178 children aged 6–11. Raw data were processed to calculate 
sway area and COP path length, as well as the Arch Index, which was used to categorize foot morphology as cavus, normal, 
or flat.
Results  Among girls aged 8–9 years, statistically significant differences in postural sway parameters were observed across 
foot morphology groups, with individuals presenting cavus feet exhibiting greater sway area and COP path length values. 
A comparable tendency was also identified in those aged 10–11. In contrast, boys aged 10–11 with flat feet displayed lower 
sway area values under the eyes-closed condition and reduced COP path length under the eyes-open condition compared 
with peers presenting normal or cavus foot morphology.
Conclusion  Overall, these findings suggest that postural control during childhood is influenced by the mechanical and sen-
sory characteristics of the foot–ground interface, and that sex represents a relevant moderating factor in this relationship.
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Introduction

One of the most important milestones in the motor develop-
ment of human beings is represented by the ability to safely 
maintain the upright posture, preserving balance against 
gravity and other external perturbances while staying as 
far as possible from the risk of falling. This ability, which 
results from the sophisticated work of the central nervous 
system in receiving and integrating information from the 
visual, vestibular, and somatosensory systems, matures 
with age. In particular, several studies demonstrated that 

the postural control system reaches adult-like performance 
during adolescence, approximately at 13 years of age [1].

Considering the central role of upright balance in human 
motor function, the effectiveness of the postural control sys-
tem is often assessed through the quantitative analysis of 
postural sway, that is, the subtle and largely imperceptible 
body oscillations reflecting the continuous neuromuscular 
adjustments required to maintain stability [2]. This evalua-
tion is typically based on the analysis of time-series describ-
ing the position of the point of application of the resultant 
of the forces exchanged between the body and the ground 
through the plantar regions, known as the center of pres-
sure (COP). By processing COP trajectories recorded dur-
ing short trials—generally lasting between 30 and 60 s—
on a force or pressure platform, several parameters can 
be derived, such as sway area, COP path length, and COP 
velocity. These metrics have been shown to provide reliable 
information for the characterization of postural sway [3, 4].
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Importantly, the position of the COP during quiet 
upright stance is influenced by the way forces are trans-
mitted between the body and the external environment, 
which occurs through the distribution of pressure across the 
foot–ground contact interface. Since this pressure distribu-
tion is closely related to an individual’s foot morphology, a 
relationship between COP position and the structural char-
acteristics of the foot (particularly as regards its longitudinal 
medial arch which predominantly contribute to establish the 
foot-ground contact features) can reasonably be expected. 
Exploring such a relationship becomes relatively straight-
forward when plantar pressure data and COP trajectories 
are collected simultaneously. This can be achieved using 
pressure-sensitive platforms or mats, which provide point-
by-point pressure measurements across the plantar surface. 
These devices allow the estimation of contact area and pres-
sure distribution across the entire foot while also determin-
ing COP position through the integration of the pressure 
values recorded by each sensor. Consequently, the combined 
analysis of plantar surface parameters and COP metrics may 
offer a comprehensive perspective on how foot morphology 
influences postural stability, providing a useful framework 
for both research and practical applications.

However, it is noteworthy—and somewhat unexpected—
that despite the seemingly intuitive link between foot mor-
phology and postural control, relatively few studies have 
examined this relationship, and the available evidence 
remains inconsistent. Hertel, Gay, and Denegar [5] were 
among the first to investigate this topic, reporting that indi-
viduals with a high longitudinal foot arch (i.e., cavus feet) 
exhibited larger sway areas during single-leg stance, indi-
cating reduced postural stability compared with individu-
als with normal foot structure. More recently, a systematic 
review by Sedaghati et al. [6], which included 25 studies 
conducted over the past two decades, suggested that both 
high-arched and flat-footed individuals tend to demonstrate 
poorer postural control than those with normal foot mor-
phology. Nevertheless, these findings are influenced by 
substantial heterogeneity across studies, particularly with 
respect to the methods used to assess balance (e.g., static 
vs. dynamic tasks, instrumented measurements vs. clinical 
scales) and the approaches adopted to classify foot morphol-
ogy, including footprint-based indices, foot scanners, the 
navicular drop test, etc.

Available data concerning children and adolescents are 
even more limited, probably also because, in this population, 
the relationship between postural control and foot morphol-
ogy appears considerably less straightforward, as both sys-
tems are still developing and their interaction may also be 
influenced by sex [1, 7, 8]. An early study by Lin et al. [9] 
examined 64 children aged 4–10 years using a force platform 
to compute sway area, which was subsequently correlated 
with several footprint indices. The main findings revealed 

a significant moderate negative correlation between foot 
morphology and postural sway in the youngest participants 
(4–5 years) when tested under visual deprivation and on a 
compliant surface. This result suggests that reduced plantar 
support may compromise postural control, similarly to what 
was previously observed in adults [5]. More recently, Wako 
et al. [10] reported that in 8-year-old children the presence 
of flatfoot was associated with greater postural instability, 
expressed as increased sway area and COP path length, 
with differences observed between sexes. To the best of our 
knowledge, these two studies represent the only attempts 
to specifically investigate the role of foot morphology in 
the effectiveness of the postural control system in pediatric 
populations. Thus, although several studies have investigated 
the relationship between foot morphology and postural sway 
in pediatric populations through COP analysis, evidence 
remains limited regarding the combined effects of age, sex, 
and foot morphology on postural control during childhood, 
particularly under different sensory conditions.

Based on such considerations, the main aim of the pre-
sent study is to expand the current knowledge regarding the 
existence of differences in postural sway parameters (i.e., 
sway area and COP path length) in children having different 
foot structure in terms of longitudinal medial arc height, the 
latter characterized by means of footprint indexes calculated 
on the basis of electronic pedobarography, The findings of 
such investigation could have practical implications for early 
screening of postural or musculoskeletal issues, informing 
clinical assessment and preventive interventions in pediatric 
populations. Additionally, the results may support the design 
of targeted rehabilitation strategies in children with postural 
control/foot disorders, footwear recommendations, or physi-
cal activity programs aimed at improving balance and reduc-
ing the risk of future lower-limb dysfunctions.

Materials and Methods

Participants

This retrospective study analyzes data collected between 
2022 and 2025 by the Laboratory of Biomechanics and 
Industrial Ergonomics at the University of Cagliari (Italy), 
in collaboration with several primary schools located in 
the metropolitan area of Cagliari. The data were gathered 
during a series of projects aimed at investigating basic 
motor functions—namely postural control, gait, and 
functional mobility—in children with typical developmental 
trajectories [11–13]. The sample here analyzed consists of 
178 participants (mean age = 8.7 years), stratified into three 
age groups: 56 children aged 6–7 years (33 girls), 86 aged 
8–9 years (51 girls), and 36 aged 10–11 years (18 girls). The 
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main anthropometric characteristics of the participants are 
reported in Table 1.

Participants were included in the analysis only if they 
were free from sensory or intellectual impairments that 
could affect the development or performance of postural 
control [14]. None of the participants reported a history 
of neurological or musculoskeletal disorders, and all had 
received negative screening results for specific learning 
disabilities. This screening was conducted in accordance 
with the provisions of the Italian Law No. 170/2010, which 
establishes educational and support measures for students 
diagnosed with dyslexia, dyscalculia, dysorthography, and 
related neurodevelopmental conditions such as Nonverbal 
Learning Disorder or Attention Deficit Hyperactivity Dis-
order. The original experimental protocol was reviewed 
and approved by the Ethics Committee of the University 
of Cagliari (protocol no. 0001470 of 01/11/2022) and con-
ducted in accordance with the principles of the Declaration 
of Helsinki and its subsequent amendments. Authorization 
for data collection was obtained from the school headmas-
ters, and written informed consent was provided by the par-
ticipants’ parents or legal guardians.

Equipment and Data Collection Procedure

COP time-series and plantar pressure distribution were 
simultaneously collected by means of a pressure platform 
(FDM-S, Zebris Medical GmbH, Germany), connected 
to a personal computer via USB. The device consists of 
2560 capacitive sensors arranged into a 64 × 40 matrix 
(range = 1–120 N/cm2; accuracy ± 5%) and operates at a 
sampling frequency in the range 50–120 Hz.

To guarantee a quiet and comfortable testing environ-
ment, children were called in pairs into a dedicated silent 
room and asked to stand barefoot on the platform. They 
were instructed to maintain a relaxed posture with their 
arms alongside the body (without touching it) and to fix 
their gaze on a visual target positioned 3 m in front of 
them at eye level. Moreover, to ensure a consistent ref-
erence position and reduce potential variability associ-
ated with differences in foot placement—which is known 
to influence postural sway measurements [15]—a paper 

mask with footprints oriented at 30° and an intermalleo-
lar distance of approximately 8–10 cm was placed on the 
platform. This setup allowed the standardization of foot 
position in accordance with the recommendations of the 
International Society for Posture and Gait Research [16]. 
All children performed three 30-second trials under two 
conditions: with visual input (eyes open, EO) and without 
visual input (eyes closed, EC). The order of the conditions 
was randomized, and brief rest intervals were provided 
between trials to minimize fatigue and maintain attention.

Data Processing

Postural Sway

COP time-series was exported as ASCII file from the 
management software of the platform, filtered with a bidi-
rectional 4th-order Butterworth filter (10 Hz cut-off) and 
processed using a custom Matlab® routine to obtain the 
following sway parameters:

•	 Sway area (mm2): the area of the 95% confidence ellipse 
encompassing the COP trajectory. This ellipse represents 
the region that contains 95% of the COP data points 
recorded during the trial and provides a summary meas-
ure of the spatial dispersion of postural sway, with larger 
areas indicating greater instability [17];

•	 COP Path length (mm): the total distance traveled by the 
COP during the recording period. It is calculated as the 
cumulative sum of the point-to-point displacements of 
the COP trajectory over time [17] and reflects the amount 
of corrective postural adjustments produced by the neu-
romuscular control system to maintain upright stance [4].

These two metrics represent complementary indicators 
that, when analyzed together, provide a comprehensive 
description of an individual’s postural stability [4].

The mean of the three trials per condition was used as 
the representative value for each variable. Figure 1 pre-
sents a graphical representation of the two parameters 
obtained under both EO and EC conditions for a repre-
sentative participant.

Table 1   Anthropometric 
features of the participants

Values are expressed as mean (SD)

Entire sample 6–7 years 8–9 years 10–11 years

Participant # (M,F) 178 (76M, 102F) 56 (23M, 33F) 86 (35M, 51F) 36 (18M, 18F)
Height (cm) 131.2 (9.8) 122.8 (7.0) 132.7 (7.4) 141.8 (7.0)
Body mass (kg) 30.2 (8.8) 25.3 (6.3) 31.1 (7.8) 36.4 (10.1)
Body mass index (kg m−2) 17.2 (3.4) 16.6 (3.2) 17.5 (3.2) 17.7 (4.2)
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Foot Morphology

Plantar pressure distribution data were exported from 
the platform management software as ASCII matrices 
(in which each aij element represents the pressure value 
recorded by the sensor located in the i row and j column), 
and processed using a custom-developed Matlab® routine 
to compute overall and sub-region (i.e., forefoot, midfoot 
and rearfoot) contact areas. Such variables also allowed 
the calculation of the Arch Index (AI) according to the 
procedure proposed by Cavanagh and Rodgers [18]. In 
particular, the AI was calculated as the ratio between the 
midfoot contact area and the overall foot contact area, 
excluding the toes. Based on AI values, each foot was 
classified according to the cut-off proposed by Chae, 
Kang, and Noh [19] as

•	 High arch (cavus foot): when AI < 0.17
•	 Normal arch: when 0.17 ≤ AI ≤ 0.28
•	 Low arch (flat foot): when AI > 0.28

Statistical Analysis

A preliminary one-way multivariate analysis of variance 
(MANOVA) was employed to verify the possible pres-
ence of significant differences between right and left feet 
in terms of overall and sub-region contact areas. Then, four 
two-way MANOVAs were performed separately for each 
sex (males and females) and visual condition (eyes open and 
eyes closed), treating them as independent datasets. In all 
cases, foot morphology (i.e., cavus, normal, and flat) and age 
group (6–7, 8–9, and 10–11 years) were set as independent 
variables, while the postural sway parameters (i.e., sway area 
and COP path length) represented the dependent variables. 
The level of significance was set at p = 0.05, and eta-squared 
(η2) values were reported as indicators of effect size. When a 
significant main effect of foot morphology or age group was 
observed, two-way ANOVAs were conducted as a follow-up 
analysis for each dependent variable. In this case, the sig-
nificance level was adjusted using the Bonferroni correction 
to account for multiple comparisons (p = 0.05/2) and, when 

Fig. 1   Example of sway path 
(dotted line) and sway ellipse 
(solid line) as obtained from a 
30 s bipedal test for a par-
ticipant. Data acquired and 
computed under eyes-open 
and eyes-closed conditions are 
indicated, respectively, in blue 
and red color
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appropriate, Holm–Sidak post hoc tests were performed to 
explore pairwise differences between groups. Data were 
preliminarily checked for compliance with model assump-
tions. In particular, normality of residuals was verified using 
the Shapiro–Wilk test, and homogeneity of variances was 
assessed with Levene’s test. These conditions were met for 
all variables, even in the presence of slightly unequal group 
sizes. All the statistical analyses were carried out using the 
software SPSS v.26 (IBM Corp., Armonk, NY).

Results

Preliminary analyses confirmed the absence of significant 
differences in the AI and in the overall and sub-regional 
foot–ground contact areas between the right and left limb 
[F(3, 352) = 0.463, p = 0.708, Wilks’ λ = 0.996, η2 = 0.004]; 
therefore, data from both sides (that is 356 feet) were treated 
as independent observations in all subsequent analyses. By 
considering the cut-off values for the AI previously men-
tioned, the final distribution of the participants according 
to their foot morphology included 184 high-arched feet 
(112 from female participants), 118 normal-arched feet (68 
from females), and 54 low-arched feet (24 from females). 
Descriptive statistics for all postural sway parameters cal-
culated under the two visual conditions (i.e., EO and EC) 
are reported in Tables 2 and 3, respectively. Mean values of 
sway area and COP path length across the different foot mor-
phologies and age groups are also shown in Figs. 2 and 3.

Postural Sway Under Eyes Open Condition

Girls

The MANOVA analysis revealed a significant main effect 
of both age group and foot morphology on sway parameters 
[F(4, 388) = 4.42, p = 0.002, Wilks’ λ = 0.915, η2 = 0.044], 
[F(4, 388) = 3.93, p = 0.004, Wilks’ λ = 0.924, η2 = 0.039], 
respectively. In particular, the post hoc analysis revealed that 
girls aged 6–7 years exhibited significantly greater COP path 
length compared with those aged 8–9 years (mean differ-
ence = 47.1 mm, p = 0.002). As regards the effect of foot 
morphology, it was found that girls with high-arched feet 
were characterized by larger sway area values with respect 
to those with normal arches (mean difference = 52.7 mm2, 
p = 0.008) and longer COP path length (mean differ-
ence = 33.1 mm, p = 0.035).

Boys

Even in this case, the MANOVA revealed a significant 
main effect of age group [F(4, 284) = 5.35, p < 0.001, 
Wilks’ λ = 0.865, η2 = 0.070] and foot morphology [F(4, 

Table 2   Postural sway parameters obtained in the presence of visual 
input

Values are expressed as mean (SD). Corresponding 95% confidence 
intervals are reported in brackets beneath each mean value
a Statistically significant difference vs. Normal Arch
b Statistically significant difference vs. High Arch (p < 0.05 in both 
cases)

Foot morphology

Normal arch High arch Low arch

Girls
 Sway area (mm2)
  6–7 years 223.4 (86.6) 241.8 (113.6) 258.8 (144.9)

[189.85–
257.03]

[199.41–
284.26]

[137.61–379.97]

  8–9 years 150.7 (72.1) 225.3 (118.5)a 161.9 (69.3)
[123.79–

177.63]
[196.14–254.4] [89.16–234.66]

  10–11 years 157.4 (89.1) 257.5 (144.9) 145.8 (82.7)
[93.65–221.14] [180.27–

334.72]
[86.69–204.95]

 COP path length (mm)
  6–7 years 346.1 (85.3) 345.7 (65.0) 383.7 (33.9)

[312.98–
379.14]

[321.46–
369.96]

[355.32–412.04]

  8–9 years 269.2 (77.8) 323.2 (88.8)a 267.9 (26.7)
[240.15–298.3] [302.86–

343.54]
[239.92–295.9]

  10–11 years 284.9 (94.1) 372.6 (110.0) 288.3 (144.9)
[217.66–

352.33]
[313.93–

431.18]
[184.62–391.93]

Boys
 Sway area (mm2)
  6–7 years 228.7 (63.4) 281.2 (118.8) 307.0 (198.7)

[197.22–
260.23]

[222.1–340.27] [164.88–449.17]

  8–9 years 196.1 (77.6) 180.9 (112.9) 216.1 (64.7)
[161.69–

230.51]
[144.87–

217.11]
[162.01–270.12]

  10–11 years 168.9 (49.9) 164.7 (75.4) 196.8 (99.2)
[133.23–

204.69]
[121.17–208.2] [133.78–259.88]

 COP path length (mm)
  6–7 years 349.2 (55.7) 385.6 (93.4) 383.0 (92.7)

[321.46–
376.89]

[339.09–
432.02]

[316.66–449.26]

  8–9 years 346.7 (95.3) 313.3 (81.4) 283.7 (24.7)
[304.4–388.91] [288.49–

339.09]
[263.01–304.37]

  10–11 years 345.4 (62.4) 323.5 (85.4) 207.0 (148.4)a,b

[300.92–
390.13]

[274.15–
372.78]

[112.75–301.34]
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284) = 8.12, p < 0.001, Wilks’ λ = 0.805, η2 = 0.103] on 
sway parameters. A significant age × morphology interac-
tion was also found [F(8, 284) = 2.55, p = 0.011, Wilks’ 
λ = 0.870, η2 = 0.067]. The post hoc analysis revealed that 
boys aged 6–7 years exhibited significantly greater sway 
area than those aged 8–9 and 10–11 years (mean differ-
ences = 76.5 and 89.7 mm2; p < 0.001). Similarly, COP 
path length was significantly greater in the youngest group 
compared with both the 8–9 and 10–11 year groups (mean 
differences = 20.1 and 80.8 mm; p = 0.011 and p < 0.001, 
respectively).

Regarding foot morphology, children with flat feet exhib-
ited significantly lower COP path length values than those 
with high-arched (p = 0.040) and normal arches (p = 0.009).

Postural Sway Under Eyes Closed Condition

Girls

The MANOVA revealed a significant main effect of age 
group (but not of foot morphology) on sway parameters 
[F(4, 388) = 3.83, p = 0.005, Wilks’ λ = 0.926, η2 = 0.038]. A 
significant age × morphology interaction was also observed 
[F(8, 388) = 1.98, p = 0.048, Wilks’ λ = 0.923, η2 = 0.039], 
indicating that the influence of foot morphology on postural 
stability varied across developmental stages. The post hoc 
analyses revealed that girls aged 6–7 years exhibited sig-
nificantly greater sway area and COP path length compared 
with those aged 8–9 years (mean differences = 88.9 mm2 and 

Table 3   Postural sway 
parameters obtained in the 
absence of visual input

Values are expressed as mean (SD). Corresponding 95% confidence intervals are reported in brackets 
beneath each mean value
a Statistically significant difference vs. Normal Arch
b Statistically significant difference vs. High Arch (p < 0.05 in both cases)

Foot morphology

Normal arch High arch Low arch

Girls
 Sway area (mm2)
  6–7 years 315.1 (196.3) 298.0 (180.6) 350.9 (205.9)

[238.99–391.25] [230.57–365.41] [178.75–523.07]
  8–9 years 186.9 (85.0) 235.4 (110.3) 219.8 (101.4)

[162.51–228.48] [208.29–262.54] [113.37–326.14]
  10–11 years 254.2 (193.9) 318.1 (114.3) 169.7 (93.7)b

[115.5–392.99] [257.21–379.01] [102.68–236.69]
 COP path length (mm)
  6–7 years 487.4 (181.4) 431.3 (98.3) 481.9 (59.0)

[417.07–557.72] [394.56–467.94] [432.62–531.27]
  8–9 years 348.4 (99.8) 404.7 (95.7)a 373.4 (61.3)

[311.06–385.58] [381.18–428.21] [309.13–437.72]
  10–11 years 428.9 (162.8) 491.1 (134.5) 332.7 (168.9)b

[312.5–545.39] [419.44–562.77] [211.86–453.52]
Boys
 Sway area (mm2)
  6–7 years 288.2 (89.0) 320.2 (137.8) 300.7 (196.0)

[243.89–332.46] [251.66–388.76] [160.51–440.95]
  8–9 years 316.1 (143.9) 284.9 (215.5) 353.4 (135.7)

[252.3–379.86] [216.06–353.87] [239.96–466.84]
  10–11 years 261.9 (95.9) 392.8 (238.0) 209.7 (105.7)b

[193.27–330.51] [255.33–530.21] [142.5–276.8]
 COP path length (mm)
  6–7 years 469.8 (103.3) 535.3 (147.7) 483.0 (133.5)

[418.45–521.23] [461.89–608.75] [387.49–578.52]
  8–9 years 453.9 (114.7) 435.7 (127.6) 345.4 (48.1)

[403.07–504.76] [394.9–476.54] [305.23–385.6]
  10–11 years 438.5 (95.1) 469.6 (126.3) 325.4 (233.3)

[370.48–506.58] [396.68–542.47] [177.22–473.65]



Influence of Foot Morphology on Postural Sway During Childhood﻿	

75.0 mm, respectively; p < 0.001). Instead, no significant dif-
ferences were observed between the 8–9 and 10–11 years 
groups.

Boys

Significant main effects of age group [F(4, 284) = 4.52, 
p = 0.001, Wilks’ λ = 0.884, η2 = 0.060] and foot morphology 
[F(4, 284) = 3.11, p = 0.016, Wilks’ λ = 0.918, η2 = 0.042] on 
sway parameters were detected. Post hoc analyses indicated 
that boys aged 6–7 years exhibited significantly longer COP 
path length than those aged 8–9 and 10–11 years (mean 
differences = 67.2 and 85.4 mm; p = 0.026 and p = 0.013, 
respectively). No significant differences were observed 
between the 8–9 and 10–11 years groups. Regarding foot 
morphology, boys with high-arched feet showed signifi-
cantly greater COP path length compared with those with 
flat feet (mean difference = 83.9 mm, p = 0.013).

Discussion

The primary aim of this study was to quantitatively evaluate 
the effect of foot morphology on static balance, as meas-
ured by postural sway parameters, under both eyes-open 
and eyes-closed conditions in a cohort of typically develop-
ing children stratified by age and medial longitudinal arch 
type (the latter expressed through the AI parameter). This 
was achieved through the simultaneous acquisition of COP 
time-series data and plantar pressure measurements using a 
pressure plate.

First, it should be noted that, consistent with most 
previous studies on children in similar age ranges [1, 7, 
20–22], younger participants (i.e., those in the 6–7 years 
age group) exhibited poorer performance of their postural 
control system compared with their older peers. Spe-
cifically, they were characterized by significantly larger 
COP path length (both sexes, all visual conditions) and 
sway area (boys under EO conditions and girls under EC 

Fig. 2   Postural sway under eyes-open condition. Sway area (top row) 
and COP path length (bottom row) across different plantar morpholo-
gies and age groups, for boys (left) and girls (right). The symbol * 

indicates a statistically significant difference vs. Normal Arch. The 
symbol † indicates a statistically significant difference vs. High Arch 
(p < 0.05 in both cases)
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conditions). Such differences are usually attributed to the 
physiological maturation of the systems involved in pos-
tural control (i.e., visual, vestibular, and somatosensory), 
which occurs at different stages of childhood, as well as 
to the progressive ability of the central nervous system 
to efficiently integrate afferent information and generate 
the muscular contractions necessary to maintain upright 
posture.

However, because children also undergo parallel muscu-
loskeletal development, it is reasonable to expect that the 
changes in foot morphology occurring during childhood 
may influence the performance of the postural control sys-
tem. This expectation is further supported by the fact that 
humans predominantly rely on the somatosensory system 
to maintain balance when the environment is well illumi-
nated, and the base of support is sufficiently rigid and stable 
[23, 24]. In principle, a reduced foot–ground contact area, 
as occurs in the case of a cavus foot, is accompanied by a 
proportional reduction in plantar cutaneous sensory input 

and may therefore impair the effectiveness of the postural 
control system, resulting in increased body sway [5].

This mechanism may partly explain the findings observed 
in the present study among girls aged 8–9 with cavus feet 
(but a similar trend was observed among those aged 10–11, 
although in this latter case statistical significance was not 
achieved, probably due to the limited size of this group). 
Indeed, these participants exhibited higher values of sway 
area (EO condition only) and COP path length (both EO 
and EC conditions) compared with those with normal feet. 
Conversely, the same trend was not observed in males of 
the same age. However, in the 10–11 age group, boys with 
cavus feet exhibited a trend toward greater sway compared 
with those with both normal and flat feet. These sex-related 
differences may be related to sex-specific trajectories in the 
development of the longitudinal arch, which tends to mature 
earlier in girls [25].

To achieve a more comprehensive interpretation of 
the distinctive sway patterns observed across the foot 

Fig. 3   Postural sway under eyes-closed condition. Sway area (top 
row) and COP path length (bottom row) across different plantar mor-
phologies and age groups, for boys (left) and girls (right). The symbol 

* indicates a statistically significant difference vs. Normal Arch. The 
symbol † indicates a statistically significant difference vs. High Arch 
(p < 0.05 in both cases)
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morphology groups, the different sensory demands asso-
ciated with the two testing conditions should also be con-
sidered. Although visual information generally plays a 
relatively minor role in postural control in adults [26], it is 
considerably more important in children, as sensory inte-
gration mechanisms are not yet fully mature during devel-
opment [27]. Accordingly, the removal of visual input is 
expected to induce a reweighting of somatosensory and 
vestibular information, potentially enhancing the contribu-
tion of plantar sensory feedback associated with foot mor-
phology. However, the effects observed under eyes-open and 
eyes-closed conditions were not fully consistent across age 
and sex groups, preventing definitive conclusions regarding 
the specific role of visual input in the relationship between 
foot morphology and postural control. This finding may 
reflect the ongoing maturation of sensory integration pro-
cesses during childhood, during which the relative contribu-
tions of visual, vestibular, and somatosensory information 
to balance regulation are still evolving. Future studies spe-
cifically designed to compare sensory conditions may help 
clarify how sensory reweighting processes interact with foot 
morphology throughout development.

Another interesting aspect that emerged from the analysis 
concerned children aged 10–11 years with flat feet. In this 
group, both boys and girls were characterized by a reduced 
COP path length (boys in EO and EC conditions, statistically 
significant in the latter; girls in EC only) and a reduced sway 
area (girls in EC only). Taken together, these findings would 
support the hypothesis that a larger foot–ground contact area 
may be beneficial for the effectiveness of the postural control 
system, for the same reason mentioned previously—namely, 
that a greater number of cutaneous receptors receive infor-
mation from the external environment and transmit it to the 
central nervous system. However, existing findings in the 
literature are contradictory. For instance, while Lin et al. [9] 
reported the existence of a significant moderate negative cor-
relation between AI and sway area (i.e., children aged 8–10 
with flat foot are characterized by reduced sway), the results 
of Wako et al. [10] showed that, in children aged 8 years, 
girls with flat feet exhibited larger sway areas compared with 
those with normal or cavus feet. Such discrepancies may 
partly be explained by differences in the classification of 
the longitudinal arch, as Wako et al. [10] used the Chip-
paux–Smirak Index (CSI) for this purpose. Although AI and 
CSI are well correlated, they are sensitive to different aspects 
of foot morphology due to the way they are calculated (for 
example, a broad forefoot may lead to a reduced CSI with-
out affecting the AI). As a result, the classification of foot 
types may differ substantially depending on the index used. 
The same authors acknowledged that heterogeneity in the 
classification of the arch type, originating from a lack of 
standardized assessment protocols, might explain the large 
differences observed in terms of the prevalence of flatfoot in 

previous studies. This apparent inconsistency suggests that 
the relationship between flatfoot morphology and postural 
control is likely influenced by developmental stage and sex. 
Indeed, the differences observed were not uniformly distrib-
uted across age groups, indicating that maturation-related 
factors may contribute to the heterogeneous results reported 
in the literature.

In summary, while the effect of cavus foot morphology on 
postural sway appears relatively straightforward to interpret 
(although the sex-related differences observed here warrant 
further investigation), clarifying the role of flatfoot is con-
siderably more complex. This complexity likely reflects the 
multifactorial origin of flatfoot morphology, which arises 
from a combination of factors including muscle strength, 
bony structure, and soft-tissue characteristics.

Some limitations of the study should be acknowledged. 
At first, it should be recalled that footprint-based indexes 
provide only an indirect estimate of the arch structure and 
are influenced by factors such as soft-tissue thickness, body 
mass, and weight-bearing distribution, which may vary 
considerably during growth and may not accurately reflect 
the underlying bony arch. Secondly, since our analysis was 
focused on bipedal static weight-bearing conditions only, 
it was not possible to obtain information regarding the 
dynamic behavior of the medial longitudinal arch during gait 
or functional activities. Lastly, anthropometric factors such 
as height and body mass were not included in the analysis. 
Regarding height, previous studies have reported inconsist-
ent findings: some observed a significant, albeit modest, 
association between postural sway parameters and stature 
[15], whereas others failed to detect such a relationship [28], 
thus the actual influence of this aspect remains to be fully 
clarified. In order to facilitate direct comparison with previ-
ous studies (most of which did not apply anthropometric 
normalization), we chose to analyze non-normalized data. 
With respect to body mass, we found that 24% of the partici-
pants were classified as overweight or obese. As mass excess 
is known to influence both postural control and plantar pres-
sure distribution [29, 30], future studies should consider this 
aspect.

Taken together, the results of the present study suggest 
that foot morphology plays a relevant role in influencing 
postural control during childhood through both mechanical 
and sensory mechanisms associated with the character-
istics of the foot–ground interface. In particular, altered 
plantar loading patterns and differences in somatosensory 
feedback may contribute to the adoption of distinct pos-
tural control strategies, whereas the observed sex-related 
differences are likely attributable to different maturation 
trajectories of the postural control system during child-
hood. If confirmed by further studies and replicated in 
broader populations, these findings may have important 
practical implications. For instance, children characterized 
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by altered foot morphology and poorer postural control 
may benefit from periodic monitoring and, when clinically 
appropriate, referral to interventions aimed at improving 
proprioception, balance abilities, and foot function, such 
as adapted physical activity programs, balance-oriented 
training, and exercises targeting the intrinsic foot mus-
culature. Furthermore, longitudinal studies are needed 
to clarify the long-term functional implications of these 
associations, as persistent alterations in postural control 
during development may influence movement efficiency, 
fatigue resistance, injury susceptibility, and participation 
in physical activity over time.

In conclusion, early identification of factors that may 
negatively influence the proper development of postural 
control in children is essential for designing and imple-
menting targeted interventions, such as training programs 
and physical therapy. Particular attention should be given 
to the concurrent development of the musculoskeletal sys-
tem—especially the foot—since the interaction between 
the foot and the ground plays a crucial role in providing 
sensory information necessary for maintaining balance. 
Our findings suggest, at least in part, that different types 
of medial arch may be associated with differences in pos-
tural control performance. Moreover, sex-related differ-
ences should be considered, as the maturation trajectories 
of the systems involved appear to differ markedly between 
boys and girls. Future research involving larger cohorts 
should ideally incorporate a broader range of measures to 
better characterize foot morphology—for example, includ-
ing data on alignment as well as imaging techniques such 
as radiography and ultrasonography—and examine the 
influence of additional factors such as cutaneous sensitiv-
ity, excess body mass, and levels of physical activity, all 
of which may significantly affect the somatosensory and 
neuromuscular systems.
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