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Objective: To explore the application value of 3D scanning to obtain the parameters
of transverse axis of medial longitudinal arch of foot in the biomechanical evaluation
of transverse axis of medial longitudinal arch of foot in children.
Method: The feet of children with flat foot, normal foot and high arched foot were
scanned with the Foot Secret 3D scanner in the sitting and standing positions. The
scanning data were imported into CATIA v5 software for measurement, to obtain
four parameters of transverse axis of medial longitudinal arch from transverse
arch angle, external transverse arch angle, curvature and transverse arch cross-
sectional area.
Result: There were statistically significant difference in transverse arch angle,
external transverse arch angle and cross-sectional area between sitting and
standing positions (p < 0.05). There were statistically significant differences in
transverse arch angle, external transverse arch angle, curvature and transverse
arch cross-sectional area among children with flat foot, normal foot and high
arch foot (p < 0.05).
Conclusion: The four parameters of transverse arch angle, external transverse arch
angle, maximum curvature and cross-sectional area obtained by three-dimensional
scanning can detect the changes of transverse axis of children’s foot arch in
different body positions with different foot types, which can be effectively used
for the biomechanical evaluation of transverse axis of children’s foot arch.
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1. Introduction

The foot arch has a three-dimensional anatomical structure with complex and delicate

motor function (1). The weight bearing and pressure buffering of the human body

depend on the normal biomechanical characteristics of the foot arch. The abnormal

changes of the foot arch structure inevitably lead to the biomechanical changes of the

lower limbs, causing musculoskeletal injuries and diseases of the lower limbs, and

affecting the motor function and quality of life to varying degrees (2). Research shows

that the abnormal development of children’s foot arch may affect gait and motor

function, lead to abnormal force line of lower limbs, and cause bone and joint disease of

lower limbs (3, 4). The detection and evaluation of the development of children’s foot
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arch is helpful to clarify the pathological mechanism of the injury

and disease related to the abnormal development of foot arch, and

has great significance for clinical decision-making.

At present, the evaluation of children’s foot arch development

mainly depends on physical examination (5), imaging examination

(6) and foot print examination (7). The clinical physical

examination is heavily dependent on the clinical experience of

the examiner. Imaging examination has the problems of

radiation, etc (8). Footprint examination only reflect the

information of axial plane, and cannot accurately predict the

height of sagittal plane, or truly reflect the shape of foot arch,

which brings low diagnostic sensitivity (9).

Biomechanical research of foot arch can provide a lot of useful

information for studying the structure, function and posture control

of foot arch (10). Generally, the research of foot biomechanics

mostly adopts finite element model simulation research, but the

finite element simulation analysis method can only be a useful

supplement and verification of experimental biomechanical

research, and the authenticity of its conclusions ultimately needs to

be tested by experimental research (11, 12). Based on the force-

measuring sensor technology, researchers have developed flat-plate,

insole-type and sensor-type foot dynamics testing systems, which

are characterized by high efficiency, flexibility, mobility and low

cost, paving the way for the development of foot biomechanical

testing systems (13, 14). By measuring the pressure between the

sole and the contact surface, we can provide objective and dynamic

reference for understanding the structure and function of the foot.

The arch of the foot includes the internal and external

longitudinal arch and the transverse arch of the middle and

anterior foot. The structure, pathology and clinical significance of

the internal and external longitudinal arch have been deeply

studied, while the transverse axis of arch (TAA) has been relatively

less studied (15). The foot TAA forms an arched elastic structural

system with very reasonable mechanical properties in the foot,

protects the nerves and blood vessels of the foot from

compression, and plays an important role in absorbing shock and

buffering the stress of the foot (16). Studies have shown that the

collapse of foot TAA is prone to irregular pain and painful callose

of the foot. The deformation of foot TAA is closely related to

many foot diseases in children (17, 18). Puszczalowska-Lizis, Ewa

et al. reported that reduction of the transverse arch of the foot has

an effect on the severity of fifth toe flexion, leading to disorders of

the middle phalangeal joint (17). Therefore, biomechanical

evaluation and detection of the development of children’s foot

TAA has important clinical significance.

In this study, the feet of children with flat foot, normal foot and

high arched foot were scanned by 3D to obtain four arch parameters:

transverse arch angle, external transverse arch angle, curvature and

cross-sectional area, and to explore the application value of these

four parameters in the biomechanical evaluation of children’s TAA.
2. Method

This study was approved and supervised by the Ethics

Committee of Children’s Hospital Affiliated to Chongqing
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Medical University (batch number: 2019CR32). Children aged

between 7 and 9 years having capability of cooperating with the

test independently were included in the study. The exclusion

criteria were: history of lower extremity trauma, fracture, surgery,

neuromuscular dysfunction of lower extremity, limited joint

movement of the foot, and rigid foot type. Based on the

anteroposterior and lateral radiographs of both feet, which were

diagnosed by pediatric orthopedic doctors with more than 10

years of professional work experience, participants were divided

into flat foot group, normal foot group and high arch foot group,

each group including 15 children. All participants and their

guardians volunteered to participate in the study and signed

informed consent before study.

The foot is scanned with the “Foot Secret 3D Scanner”

produced by Shanqi (Chongqing) Intelligent Medical Technology

Co., Ltd. The scanning method is as described in our previous

article report (19). In short, all participants were measured in

sitting and standing positions (Figure 1). During the sitting

position measurement, the participants’ hip joints and knee

joints kept 90 ° flexion, the ankle joints were in a neutral

position, and the second toe of the foot was aligned with the

laser axis of the instrument (Figure 1A). During the standing

position measurement, the participants stood naturally, with their

feet the same width as their shoulders, and kept the acromial

process, the center of the hip joint, the center of the knee joint

and the lateral ankle aligned, and the second toe of the foot

aligned with the laser axis of the instrument (Figure 1B). Scan

each position three times.

In order to obtain the most accurate TAA parameters, the

scanning data is imported into CATIA v5 software for

measurement. In order to reduce the errors within and between

observers, two experienced data analysts conducted two

independent measurements of each parameter. Because of the

three-dimensional characteristics of arch, the measurement of

TAA parameters is analyzed on the basis of arch volume. The

measured parameters include transverse arch angle, external

transverse arch angle, transverse arch curvature and transverse

arch cross-sectional area. Figure 2 is a schematic diagram of

measurement. A is the highest point of the inner side of the arch

volume, B is the highest point of the inner side of the arch

volume that is vertically projected on the transverse plane, C is the

outermost point of the arch volume, and D is the outermost point

of the foot. The transverse arch angle is the included angle

between AC line and BC line. The external transverse arch angle

is the included angle between AD line and BD line. The curvature

is the maximum curvature of the irregular line segment from

point A to point C. The cross-sectional area of the transverse arch

is the irregular area formed by points A, C and B.

Use R Studio (Version 1.2.5033 © 2009–2019 R Studio, Inc.) for

statistical analysis. We use descriptive statistics, mean and standard

deviation to analyze the data. Kolmogorov-Smirnov test was used

to test the normality before data analysis. Univariate analysis of

variance and Kruskal-Wallis test were used to compare the

differences among flat foot group, normal foot group and high

arch foot group. Student-Newman-Keuls Test is used for

comparison between the three groups. The paired t test and
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FIGURE 1

Foot scanning with the “Foot Secret 3D Scanner” in children. (A) Sitting positions, (B) standing positions.

FIGURE 2

Schematic diagram of transverse axis of the arch measurement. (A) The highest point of the inner side of the arch volume, (B) the highest point of the
inner side of the arch volume which is vertically projected on the transverse plane, (C) the outermost point of the arch volume, (D) the outermost point of
the foot, ∠ ACB is the transverse arch angle, ∠ ADB is the external transverse arch angle, κ AC is the curvature of the transverse axis of the foot arch, and
the area of the irregular figure ABC (orange part) is the cross-sectional area of the transverse arch of medial longitudinal.
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Wilcoxon Signed Ranks Test were used to analyze the significant

differences between sitting and standing positions. The significance

level with p value less than 0.05 was used for all analyses.
3. Result

In this study, 15 children were included respectively in the

flatfoot group, the normal foot group and the high arch foot

group. The demographic characteristics of each group are shown

in Table 1. There was no significant difference in age, height,

weight and BMI among the groups (p > 0.05).

The measurement results of the TAA parameters of the left and

right feet in the flatfoot group, the normal foot group and the high
Frontiers in Pediatrics 03
arch foot group are shown in Table 2. Since the difference of the

TAA parameter of the left and right feet in each group is not

statistically significant, the subsequent data analysis will not

distinguish the left and right feet.

The TAA parameters of the feet of children with flat feet,

normal feet and high arched feet in sitting and standing

positions are obtained by 3D scanning, and the results are shown

in Table 3.

Compare the TAA parameters of the foot in the sitting and

standing positions of different foot types, and the results are

shown in Figure 3. The transverse arch angle of flat foot, normal

foot and high arched foot were significantly different in sitting

and standing positions (p < 0.05). Similarly, the external

transverse arch angle of flat foot, the cross-sectional area of flat
frontiersin.org
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TABLE 2 Analysis of the transverse axis of arch parameters of left and right feet.

Flat foot Normal foot High arch foot

左 右 t p 左 右 t p 左 右 t p

Transversal arch angle (°) 17.95 ± 4.69 17.54 ± 5.69 0.22 0.829 19.24 ± 4.99 16.86 ± 6.48 1.13 0.270 14.89 ± 3.50 16.23 ± 5.56 −0.79 0.438

External transverse arch angle (°) 10.46 ± 2.04 9.65 ± 2.55 0.96 0.347 14.49 ± 2.06 13.40 ± 2.99 1.15 0.261 14.71 ± 2.85 14.90 ± 3.88 −0.16 0.876

curvature 0.03 ± 0.01 0.04 ± 0.02 −1.34 0.192 0.04 ± 0.02 0.05 ± 0.02 −1.10 0.279 0.06 ± 0.02 0.06 ± 0.02 0.03 0.975

Cross sectional area 96.34 ± 33.66 89.01 ± 41.06 0.54 0.597 165.25 ± 41.10 154.61 ± 35.89 0.76 0.456 204.89 ± 51.95 200.66 ± 55.64 0.22 0.831

TABLE 1 Demographic characteristics.

Flat foot Normal foot High arch foot Total p
Gender Male 7 7 8 22 >0.05

Female 8 8 7 23

Age (years) 8.00 ± 0.79 8.23 ± 0.65 8.31 ± 0.74 8.18 ± 0.72 0.476

Height (cm) 127.93 ± 7.29 133.53 ± 7.99 134.03 ± 7.95 131.83 ± 8.08 0.069

Weight (kg) 28.03 ± 6.01 29.53 ± 5.51 28.95 ± 7.47 28.84 ± 6.27 0.812

BMI (kg/m2) 17.01 ± 2.83 16.42 ± 1.82 15.87 ± 2.15 16.44 ± 2.30 0.407
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foot, the external transverse arch angle of normal foot, the cross-

sectional area of normal foot, the external transverse arch angle

of high arch foot and the cross-sectional area of high arch foot

have statistically significant differences in sitting and standing

positions (p < 0.05). The maximum curvature of the high arch

foot has statistical significance in the sitting and standing

positions (p < 0.05), but the curvature of the flat foot and the

normal foot have no statistical significance in the sitting and

standing positions (p > 0.05).

Compare the TAA parameters of different foot types in sitting

and standing positions, and the results are shown in Figure 4. In

the sitting position, the difference of transverse arch angle

between flat foot, normal foot and high arch foot was statistically

significant (p < 0.05). Similarly, the difference of external

transverse arch angle and transverse arch cross-sectional area in

the three groups was statistically significant (p < 0.05). Compared

with the curvature of flat foot and normal foot, the curvature of

high arch foot has statistical significance (p < 0.05), but the

difference between the transverse arch curvature of flat foot and

that of normal foot has no statistical significance (p > 0.05).

When standing, the difference of four transverse arch parameters

of flat foot, normal foot and high arch foot was statistically

significant (p < 0.05).
TABLE 3 The results of transverse axis of arch parameters of children with
flat foot, normal foot and high arch foot in sitting and standing positions.

Flat foot Normal
foot

High arch
foot

Transversal
arch angle (°)

Sitting position 17.74 ± 5.12 18.05 ± 5.81 15.56 ± 4.61

Standing position 14.24 ± 5.37 16.13 ± 4.75 10.80 ± 3.23

External
transversal
arch angle (°)

Sitting position 10.06 ± 2.30 13.94 ± 2.59 14.80 ± 3.34

Standing position 5.29 ± 1.56 9.32 ± 2.59 8.47 ± 2.76

Curvature Sitting position 0.04 ± 0.01 0.04 ± 0.02 0.06 ± 0.02

Standing position 0.04 ± 0.01 0.04 ± 0.02 0.05 ± 0.01

Cross
sectional area

Sitting position 92.68 ± 37.08 159.93 ± 38.30 202.77 ± 52.94

Standing position 37.11 ± 15.93 98.44 ± 25.49 127.34 ± 39.87
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4. Discussion

With the popularization of 3D technology, 3D scanning, as a

new way of foot biomechanical detection, can quickly obtain foot

models and foot parameters, having the significant features of

low cost, sensitivity and visual (20). As stated in our previous

research, the volume of the foot arch obtained by the 3D scanner

can effectively reflect the three-dimensional characteristics of the

foot, including not only the vertical height of the medial

longitudinal arch, but also the width and length of the medial

longitudinal arch, which conforms to its three-dimensional

characteristics. Moreover, by integrating the foot arch volume

data under non-weight bearing position and weight bearing

position, it can authentically reflect the dynamic shape changes

of the medial longitudinal arch, with higher accuracy and

sensitivity (19). Wang J et al. established the scale of foot arch

volume development for children aged 3–12 years. The foot arch

volume has become a new morphological measurement method

of the medial longitudinal arch of the foot (21). On the basis of

previous researches, this study further explores the application

value of foot parameters obtained by 3D scanning in the

detection and evaluation of children’s transverse axis of arch

(TAA) of foot.

In this study, the parameters of TAA of foot under different

body positions were analyzed. The foot TAA is a relatively stable

and elastic arch structure composed of cuboids, 3 cuneiform

bones, 5 metatarsals and muscle ligaments. At present, most

scholars believe that the three-dimensional structure of the TAA

of foot changes with different body positions (22). The

interaction of the first, fourth and fifth metatarsal heads forms

the base of the TAA of the forefoot when not loaded, and the

second and third metatarsal heads lift slightly upward to form an

arch on the cross section. When loaded, the second, third and

fourth metatarsal heads sink, the forefoot widens, and the TAA

decreases (23). Kudo S, et al. evaluated the flexibility of the TAA

of the forefoot by measuring the percentage of change in the

length of the TAA of the forefoot at the standing position and
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FIGURE 3

Measurement results of transverse axis of arch parameters of flat foot, normal foot and high arch foot in sitting and standing positions. (A) Transverse arch
angle, (B) external transverse arch angle, (C) curvature, (D) cross-sectional area.
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the lower leg maximum anterior tilting position (24). Matsushita T

et al. found that there was a significant difference in the height of

the foot TAA with 90% of weight bearing and 10% of weight

bearing (25). The transverse arch angle, external transverse arch

angle and cross sectional area of the children tested in the

standing position are reduced to different degrees compared with

those in the sitting position, with statistical significance. The

results are consistent with the literature reports. Therefore, the

transverse arch angle, external transverse arch angle and cross-

sectional area of the foot can be used to detect and evaluate the

changes of children’s transverse arch in different body positions.

The TAA of the foot and the internal and external longitudinal

arch form an arched elastic structure system with very reasonable

mechanical properties in the foot (26). The TAA allows the

longitudinal arch to be flexible as a lever, and at the same time,

the foot arch is rigid as a strong spring lever (1). The

biomechanical properties of the internal and external longitudinal

arch have been studied in depth, while the biomechanical

properties of the TAA are relatively less (15). Therefore, this study

uses 3D scanning to obtain the foot model and foot parameters,

and then analyzes the TAA of the foot. In the sitting position, the

differences of transverse arch angle, external transverse arch angle

and transverse arch cross-sectional area of flat foot, normal foot
Frontiers in Pediatrics 05
and high arch foot were statistically significant (p < 0.05). In the

standing position, the differences of transverse arch angle, external

transverse arch angle, curvature and transverse arch cross-sectional

area of flat foot, normal foot and high arch foot were statistically

significant (p < 0.05). The results of this study show that four

transverse arch parameters, including transverse arch angle,

external transverse arch angle, curvature and transverse arch cross-

sectional area, can be used to detect and evaluate the changes of

TAA of children with different foot types.

At present, children’s orthopedic surgeons’ diagnosis and

curative evaluation of foot deformities such as flatfoot and high-

arched foot still mainly depend on the longitudinal arch of the

foot, ignoring the TAA of the foot (17). Venkadsan M et al.

found that the TAA of the foot can affect the flexibility of the

longitudinal arch of the foot through the function of the soft

tissue between the metatarsal bones. They believed that this

discovery would help improve the clinical treatment of foot

deformity and the research of foot motor function (1).

Bardyugov PS et al. believed that in the process of treating foot

deformities, reconstructing the structure of the TAA of the foot

can achieve the effect of treatment and beauty, and improve the

quality of patients’ life (27). In this study, there are differences in

the transverse arch parameters between flatfoot and high-arched
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FIGURE 4

Measurement results of transverse axis of the arch parameters of flat foot, normal foot and high arch foot in sitting and standing positions. (A) Transverse
arch angle, (B) external transverse arch angle, (C) curvature, (D) cross-sectional area.
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foot and normal foot, indicating that there are not only changes in

the longitudinal arch, but also changes in the transverse arch of

flatfoot and high-arched foot. Therefore, we believe that the

comprehensive analysis of the longitudinal arch parameters (foot

arch volume) and the TAA parameters (transverse arch angle,

external transverse arch angle, curvature and transverse arch

cross-sectional area, etc.) obtained by three-dimensional scanning

will help to accurately evaluate the development of children’s feet

and improve the clinical diagnosis and treatment efficacy

evaluation of foot diseases such as flat feet and high arched feet.

On the other hand, clarifying the measurement of the transverse

arch and its contribution in exercise can provide clinical

practitioners with complete information. And based on 3D-

scanning technic, physicians and therapists can quickly and

dynamically acquire MLA longitudinal and transverse axis

parameters to provide a basis for guiding children’s growth and

development and clinical decision making. In the future, we will

expand the sample size, establish a database of medial

longitudinal arch longitudinal and transverse axis morphology,

and establish a series of foot type diagnostic criteria based on 3D

parameters.

In this study, four parameters, namely transverse arch angle,

external transverse arch angle, transverse arch curvature and
Frontiers in Pediatrics 06
transverse arch cross-sectional area, were used to analyze the

TAA of children’s feet in different positions with different foot

types. However, there are some shortcomings. First of all, due to

the limited sample size, this study cannot accurately describe the

changes of the TAA of children’s flatfoot and high-arched foot. It

is necessary to further expand the sample size to clarify the

change pattern of the TAA of deformed foot. Second, only

children aged 7–9 years old were included in this study. The age

range needs to be further expanded to find out the development

trend of children’s TAA of foot.
5. Conclusion

In this study, four parameters of transverse arch angle, external

transverse arch angle, curvature and cross-sectional area were

obtained by 3D scanning, and the transverse axis of arch of

children’s feet under different body positions and different foot

types were analyzed. The results showed that the transverse arch

angle, external transverse arch angle and cross-sectional area can

detect the changes of children’s transverse axis of arch of foot in

different body positions, and the transverse arch angle, external

transverse arch angle, curvature and cross-sectional area can
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reflect the changes of children’s transverse axis of arch of foot in

different foot types. Therefore, the four parameters of transverse

arch angle, external transverse arch angle, curvature and cross-

sectional area obtained by three-dimensional scanning can be

effectively used for the biomechanical evaluation of children’s

transverse axis of arch, which can provide an important reference

for arch screening and treatment plan development.
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