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Understanding the three-dimensional shape of children's feet is valuable for designing appropriate footwear and
orthotic devices, tracking growth trajectories, and supporting foot health and development. The most important
anthropometric change in the U.S. in recent years is the increase in body mass at every age, but the effects of
these trends on child foot shapes have not previously been studied. To address this gap, we collected high-
resolution, three-dimensional (3d) foot surface data from 490 children ages 3-17 years across body mass
index (BMI) from 12.4 to 52.6 kg/m? and developed a statistical foot shape model to analyze the variations in
foot morphology related to BMI. After accounting for age effects, a higher BMI was associated with differences in
foot dimensions, including broader foot width, greater circumference, and increased thickness, as well as a larger
cross-sectional area and volume. Higher BMI was also associated with lower arch height. Specific foot regions,
including the medial and lateral sides, arch, and instep, showed more substantial shape differences with varying
BMI levels. The observed differences were most pronounced in older children, with 10- and 17-year-olds showing
the greatest discrepancy in foot dimensions. Differences in foot shape between median and 95th percentile BMI
were much higher than the differences between the 5th percentile and median BMI, particularly concentrated in
the hindfoot and anterior ankle area. This study provides the first comprehensive three-dimensional analysis of
children's foot shape variations in relation to BMI, compared to previous research that focused primarily on
linear dimensions. The findings suggest that the increasing body mass among children may necessitate the
redesign of footwear to ensure a good fit. The foot shape model can be used to estimate foot shapes from de-
mographic data, accurately fit low-resolution foot scan data, and aid in the design of footwear and orthotic
devices. Future research should aim to collect more data from young children with high BMI, improve the
representation of population subgroups, and include consideration of dynamic effects. The children's foot model
is publicly available online at https://HumanShape.org/ChildFoot.

1. Introduction et al., 2023), repeatability of 3D scans, and dimensional comparison

(Hassan et al., 2020).

Three-dimensional data on children's foot shapes are used for
designing footwear and foot-related orthotic devices as well as tracking
foot growth trajectories. Children's feet undergo rapid changes during
growth and development (Unger and Rosenbaum, 2004). Footwear
sizing systems that accurately take into account the shape of children's
feet can improve comfort and stability (Mauch et al., 2009). Footwear
and orthotic devices designed with children's foot shapes can prevent
injuries during various physical activities and support proper develop-
ment (Fritz and Mauch, 2013). To utilize three-dimensional foot shape
data in the study of children's foot shape, researchers have also per-
formed geometric capture accuracy assessment of 3D scanners (Farhan

Research in adults indicates that body mass index (BMI) significantly
affects foot shape and arch morphology. Higher BMI is associated with
wider, flatter feet and increased footprint asymmetry (Domjanic et al.,
2013). Obese and overweight individuals have significantly higher
width of the midfoot than the heel region and lower arch angles in
plantar foot shape compared to normal and underweight subjects,
indicating a higher prevalence of flatfoot (Mallashetty et al., 2019).
Additionally, Rosende-Bautista et al. (2021) reported positive correla-
tions between BMI and arch index (Cavanagh and Rodgers, 1987).
Similarly, several studies in children have reported that overweight and
obese individuals tend to exhibit flatter feet and lower medial
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Table 1

Stature, BMI, foot dimensions of participants by age groups (mean, SD).
Age N Stature (mm) BMI (kg/ Foot length Foot breadth
group mZ) (mm) (mm)
3-4 18 995.1 (44.5) 149 (1.1) 157.7 (9.6) 62.5 (4.4)
4-5 25 1074.2 (50.2) 15.3 (1.2) 169.0 (9.7) 69.6 (4.5)
5-6 24 1132.7 (52.6) 15.1 (1.1) 177.1 (11.7) 71.0 (4.2)
6-7 24 1190.4 (46.4) 16.0 (1.6) 188.3 (11.8) 73.0 (4.3)
7-8 37 1256.3 (62.5) 16.6 (2.9) 198.1 (13.5) 76.1 (4.2)
8-9 33 1337.4 (73.1) 18.4 (4.3) 209.3 (13.5) 80.8 (5.9)
9-10 34 1387.1 (63.0) 18.8 (3.9) 219.5 (17.2) 82.1 (5.0)
10-11 32 1462.0 (74.7) 19.3 (4.8) 229.0 (14.7) 84.8 (5.5)
11-12 37 1536.9 (77.0) 21.8 (6.4) 236.1 (21.0) 88.2 (6.8)
12-13 41 1566.6 (71.2) 20.1 (4.0) 238.9 (11.2) 87.8 (6.6)
13-14 44 1637.4 (87.6) 21.1 (3.9) 248.3 (16.7) 91.2 (5.4)
14-15 46 1670.3 (105.6) 21.5(4.9) 247.4 (18.4) 91.9 (8.0)
15-16 42 1693.2 (102.9) 23.4 (6.8) 252.3 (18.7) 92.9 (7.5)
16-17 34 1705.5 (101.2) 23.5 (6.5) 252.7 (22.4) 93.6 (7.2)
17-18 19 1696.7 (91.9) 25.4 (8.6) 247.8 (16.1) 91.8 (6.5)

longitudinal arches, suggesting that excessive body weight may distort
foot shape and contribute to deterioration of both longitudinal and
transverse arches (Mauch et al., 2008; Villarroya et al., 2008; Puszcza-
towska-Lizis and Ciosek, 2017). Follow-up studies further showed that
arch-related measures decrease significantly with increasing BMI, with
notable changes occurring when BMI reaches 21 kg/m? (Yan et al.,
2023). However, other studies have suggested that the influence of BMI
on foot shape in younger children may be less pronounced. Gijon-No-
gueron et al. (2016) reported that flat foot posture and shape are
commonly observed in children under seven years of age as part of
normal growth and development, and are less influenced by BMI.
Likewise, Escalona-Marfil et al. (2023) found that waist circumference
(WC) and midfoot width (MFW) were more strongly correlated with
children's foot dimensions than BMI. Taken together, previous findings
suggest that while BMI is a key factor influencing foot shape and arch
morphology in adults, its role in children and adolescents remains un-
clear and may vary with age and analytical perspective. This inconsis-
tency highlights the need to systematically examine whether
BMI-related foot shape changes in children and adolescents follow pat-
terns similar to those observed in adults, or whether age-specific char-
acteristics exist, particularly when assessed using three-dimensional foot
shape analysis.

Previous studies analyzing the associations between BMI and foot
morphology have primarily focused on point-to-point measurements
related to foot length, angles, and ratios of the plantar surface or medial
arch height. Researchers have considered the negative impact of pedi-
atric flatfoot on healthy foot development and aimed to propose simple
methods for its early detection. Studies such as those by Aurichio et al.
(2011), Domjanic et al. (2013), and Mallashetty et al. (2019) used ink
footprints or three-dimensional (3D) scanning methods to quickly cap-
ture foot shapes and calculate arch indexes and arch angles to assess
flatfoot. Bautista et al. (2021) reported a high correlation between
medial longitudinal arch (MLA) height and BMI. Mauch et al. (2008)
utilized 3D foot scan data of German children to classify foot types based
on arch, circumference, and length, and analyzed the distribution of foot
types according to weight. However, their analysis was limited to foot
type classification and dimensional measures, and did not investigate
how specific regions of the foot change in shape or geometry with
increasing weight. Additionally, Lange et al. (2021) reported that the
rate of increase of BMI in U.S. children aged 2-19 approximately
doubled during the COVID-19 pandemic compared to the pre-pandemic
period, suggesting that high BMI will be an increasingly important issue
affecting US children. To address this gap, we used high-resolution
three-dimensional surface measurement methods to capture the foot
shape of a sample of U.S. children aged 3-17 years, developed a statis-
tical foot shape model to quantify the variations in foot shape, and
analyzed the effects of BMI and other covariates.
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Fig. 1. Stature (mm) versus Weight (kg) and age (months) versus BMI (kg/mz)
among the participants (blue square: males, red circle: females). Quantiles for
the U.S. population based on Fryar et al. (2021) are shown for reference. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

2. Method
2.1. Data acquisition

Surface scan data from 490 U.S. children (246 male and 244 female)
ages 3-17 years were collected along with manually measured anthro-
pometric data, and demographic information (Table 1). The stature
range of the participants was 942 mm-1942 mm, and the body mass
index (BMI) range was 11.9 kg/m? to 52.6 kg/m> Fig. 1 shows the
stature and weight (kg) distribution and the age (month) and BMI (kg/
m?) distributionof the participants. The 3D foot shape in the standing
flat foot posture was captured with portable 3D hand scanner (Revo-
point POP 3 Plus, Revopoint 3D, China). In this study, portable scanners
were used to capture the foot shapes of children. To enhance measure-
ment accuracy, trained experimenters conducted three-dimensional foot
scans. The experimenters repeatedly scanned 3D-printed foot models
established a protocol for three-dimensional scanning and ensured
measurement stability. Foot shape scans were performed more than
three times, and the scan data suitable for analysis were selected after
review by the examiner. The foot scan data were processed using manual
and automated methods to obtain high-quality foot shape 3D images
including detailed toe shape. The children stood on an elevated, trans-
parent platform to allow scanning of both the dorsal and plantar sur-
faces. Children stood upright with weight approximately evenly
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Fig. 4. Surface segmentation of the foot template.

distributed between their left and right feet. This study was approved by
the Institutional Review Board (IRB) of the University of Michigan
(HUMO00231054).

2.2. Data standardization

To generate a structured foot scan dataset, a foot template model
developed in a preliminary study (Jung et al.,, 2024) was used for
standardization of the raw foot 3D scans. The foot template model
consists of a surface mesh (4,789 vertices, 9,536 faces), 32 joints, 28
links, and 69 landmarks (Fig. 2). The foot template fitting was conducted
using radial basis function (RBF) and non-rigid iterative closest point
(ICP) methods (Fig. 3). For purposes of shape analysis, the foot was
divided into seven surface regions (Fig. 4).

2.3. Foot dimensions

Although the primary emphasis of the current work is on foot shape,
linear dimensions and angles defined in prior studies related to BMI
were computed for comparison with prior work (Mauch et al., 2008;
Barisch-Fritz et al., 2014; Hassan et al., 2020; Wang et al., 2021; Wil-
liams and McClay, 2000). Table 2 and Fig. 5 list the dimensions and
sources.

2.4. Statistical analysis

Shape variability of the standardized foot meshes was analyzed using
a principal component analysis. 60 principal components (PCs) were
retained to represent the foot shape variation. A regression model was
built to associate PC scores with anthropometric characteristics of in-
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Table 2

Foot dimensions and definitions (Mauch et al., 2008; Barisch-Fritz et al., 2014;
Hassan et al., 2020; Wang et al., 2021; Williams and McClay, 2000).

Foot dimension

Definition

Foot length (FL, FE-FT1)

Ball-of-foot width (BFW, B1-
B5)

Ball circumference (BC, B1-
B5)

Plantar arch width (PAW)

Heel width (HW, HW1-HW2)

Ball angle (BA)

Arch angle (AA)

Dorsal arch height (DAH, DA1-

DA2)

Medial longitudinal arch/
Navicular height (MLAH)
CSI (Chippaux-Smirak-Index,

%)
SI (Staheli-Index, %)

Area (AR, mm?)

Volume (VL, mm?)

Distance between foot end (FE; heel) and foot tip
(FT: anterior point of the most protruding toe)
along the medial tangent of the foot across point
Bland point Hm

Distance between the first and fifth
metatarsophalangeal protrusions (MTP; B1, B5)
Maximum circumference over the first (B1) and
fifth MTP joint protrusion (B5)

Narrowest section of the plantar medial
longitudinal arch (AW1-AW2), used for the indices
CSI and SI

Widest part of the heel (plantar print; HW1-HW2)
parallel to the ball line (B1-B5)

Angle between the horizontal (90 to foot
measuring line) and diagonal ball line (B1-B5) in
Bl

Angle between line connecting the first MTP joint
(B1) and the medial heel (Hm) with a second line
drawn to the apex of the medial longitudinal arch
concavity (AP)

Height of medial dorsal junction of the foot and leg
to the floor

Floor to the most anterior-inferior portion of the
navicular bone

Ratio between plantar arch width (AW1-AW2) and
ball-of-foot width (B1-B2), BFW/PAW

Ratio between plantar arch width (AW1-AW2) and
heel width (HW1-HW2), HW/PAW

Area inside the section outline extracted from
planes (P1: the plane for measuring ball-of-foot
circumference, P2: a plane parallel to the prior
plane crossing the medial dorsal junction point
(DA2), P3: a transverse plane at the midpoint
height of the lateral and medial malleolus, P4: a
transverse plane with 2 mm offset from the
ground)

Volume of the foot under the upper marginal plane
(P3)

terest. In the current study, foot length and body mass index (BMI) were
used as independent variables to analyze their respective impacts on
foot shape. Because age and foot length are strongly correlated in this
cohort, a relative foot length measure was computed by subtracting off
the median foot length for each one-year age cohort. Two-way in-
teractions between prediction variables were included in the model. The
PC scores of a certain foot shape are given by

¥ =/p, + p,-foot length + f3,-BMI + f35-(foot length x BMI) 1)

==
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where y = [y1,¥2, ..., ¥e0] is resulting PC score vector,

Py is the intercept,

P1, Po, and fg are the coefficients for each term.

The vertex coordinates of a foot shape are computed from the PC
scores, y, given by

v =y + My )

where v is vertices coordinate vector,

v' is the mean foot shape vector,

M is principal component coefficient matrix

Because the distribution of BMI varies with age, quantiles of BMI by
age were used to visualize the effects of BMI. To improve the clarity of
presentation, the analysis focused on ages 4, 10, and 17 years. Quantiles
of BMI by age for the U.S. population were obtained from the Fryar et al.
(2021) summaries of the U.S. National Health and Nutrition Examina-
tion Survey (NHANES) data for the years 2015-2018 (the latest avail-
able). For example, 5th, 50th, and 95th percentile BMI are respectively
14.3, 16.1, and 19.5 kg/m2 for 4-year-old children and 17.8, 23.5, and
38.3 kg/m? for 17-year-old children. To measure the foot volume, the
foot-shaped mesh produced by the regression model was segmented at
the ankle area using the upper margin plane (P4) with midpoint height
between medial and lateral malleolus and transformed into a closed
mesh by filling the split area. The volume of the foot mesh, segmented by
the ankle boundary for each condition, was measured using CAD soft-
ware (Rhinoceros 7, Robert McNeel & Associates, TLM, Inc.).

3. Results

From the 3D foot shapes reconstructed using the regression model,
foot dimensions such as foot length and ball-of-foot width were
extracted (Table 3) and the variations in foot shape were compared
(Fig. 6). Foot shape variations associated with higher BMI are more
pronounced in 10- and 17-year-olds compared to 4-year-olds, especially
with enhanced foot flattening, especially with larger foot width,
circumference, and smaller arch height. As shown in Table 3, in 4-year-
old children, the BMI differences between the 5th percentile (14.3 kg/
mz) and the 95th percentile (19.5 kg/mz) resulted in foot dimension
differences of 6.4 % in ball-of-foot width (BFW), 7 % in ball-of-foot
circumference (BC), 13.1 % in heel width (HW), 7.6 % in dorsal arch
height (DAH), 8.4 % in medial longitudinal arch height (MLAH), and
12.1 % in the Staheli-index (SI). For 10-year-old and 17-year-old chil-
dren, higher BMI was linked to greater values in BFW (10.1 %-11.4 %),
BC (7.0 %-8.9 %), plantar arch width (PAW; 26.4 %-78.0 %), HW (11.2
%-29.2 %), and ball angle (BA; 6.1 %-10.7 %), while resulting in lower
values for arch angle (AA; 7.9 %-17.9 %), MLAH (1.3 %-11.7 %),

DA2

DA1

Fig. 5. Foot dimensions with landmarks and reference lines.
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Chippaux-Smirak-index (CSI; 12.9 %-37.5 %), and SI (12.0 %-27.4 %).
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than the differences between 5th percentile and median BMI, differences were larger for older children, and the differences were concentrated in the dorsal and

anterior ankle area.
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Fig. 7. Comparison of outer contour shape of the feet by age and BMI: 5th percentile vs. 95th percentile.

degree of shape deformation by foot region, the direction vectors of
shape deformation, and the changes in cross-sectional area and volume,
thereby providing a three-dimensional explanation of foot shape
differences.

The development of a three-dimensional foot model may provide
opportunities to enhance the design and customization of footwear by
accurately representing children's foot shapes and allowing for
demographic-based shape estimation. However, the model has some
limitations that affect its applicability to shoe design. First, the foot
shape was measured on a flat, rigid surface, whereas insole contours in
shoes intended to provide good support may change the shape of the
foot. Second, the difference in foot shape between the measurement
condition and realistic in-shoe conditions may interact with and age. For
example, the effects of good insole contours on foot shape may be larger
for older individuals and those with higher BMI for their age, based on
the observed tendency toward flat foot in individuals with higher BMI.
Consequently, care must be exercised in interpreting these results for

shoe design, and future work should aim to study the differential effects
of insole design on individuals with a range of BMI. Nonetheless, the
findings provide quantitative justification for increased attention to the
suitability of current shoe designs for the growing number of high-BMI
children and youth.

The model can also be used to make accurate measurements from
relatively low-quality foot scans, potentially enabling wider availability
of custom footwear and orthotics. The post-processed 3D data of chil-
dren's foot shapes ensure the inclusion of toe shapes, crotch shapes, and
overall foot regions. Therefore, even in cases where some foot shapes are
missing or detailed shapes are not obtained, the shape space of the foot
model developed in this study can be referenced to estimate a 3D foot
shape close to the actual foot shape, supplementing the original data.
This foot shape model, which includes demographic information such as
foot length, foot width, height, weight, and gender, can also be utilized
for estimating foot shapes based on demographic inputs.

This study had additional limitations that could be addressed in
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Fig. 8. Comparison of cross-sectional contour shapes of the feet by cutting planes according to age and BMI.

future research. Most importantly, a larger population of children with
high BMI would enhance the ability of the model to represent the range
of foot shapes. Although this study collected children's foot data with a
wide BMI distribution, there was a relative scarcity of high BMI partic-
ipants aged 3-9 compared to older children (10 years and older). Un-
derstanding the foot shapes and deformations during walking or running
could be valuable in developing supportive devices or shoes to promote
a balanced gait. The model developed in this work is also linear in the
age and BMI parameters, although we have addressed BMI-for-age
explicitly. BMI effects may be nonlinear, and that nonlinearity may
change with age, in ways that the current data do not show. A larger

dataset would be needed to investigate these effects.

5. Conclusion

This study developed a high-resolution statistical foot shape model
for U.S. children by integrating a foot template model with 3D foot
scans. Our research provided valuable insights into how the Body Mass
Index (BMI) influences the three-dimensional shape of children's feet.
Through principal component analysis and regression models, we
quantified the variations in foot shape and dimensions associated with
varying BMI levels. The results indicated that as BMI increases, there are
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enlargements in foot width, circumference, and thickness, along with
increases in cross-sectional area and volume. Moreover, higher BMI
levels were linked to lower arch height, signifying a tendency towards
flatter feet. Notably, the study demonstrated that foot shape differences
due to BMI levels are more prominent in older children, particularly
those aged 10 and 17, with discrepancies being the least in younger
children aged 4. Furthermore, variations in foot shape by BMI levels
within the same age group exhibited greater differences when
comparing the 50th percentile to the 95th percentile than when
comparing the 5th percentile to the 50th percentile. Of course this is due
to the skewed nature of the BMI distributions, but, since the important
secular trends in BMI affect primarily the upper percentiles, these
findings underscore the importance of considering BMI when designing
children's footwear and orthotic devices to ensure they provide appro-
priate support and accommodate changes in foot morphology.
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