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ARTICLE INFO ABSTRACT!®

Keywords: Background: A thorough understanding of the influence of the foot skeletal structure on hallux valgus (HV) is
Foot 3D scanner required for HV prevention. We developed a system using a 3D foot scanner on a smartphone to clarify the
Smartphone

relationships between foot features and HV risk.

Methods: Two-dimensional video images were recorded on a smartphone, sent to a computer or cloud server, and
used to construct a 3D foot-feature model, considering 10 foot features associated with HV. The participants (419
individuals, aged 40-89 years) stood with their toes 12 cm apart and heels 8 cm apart during video recording.
The height and weight were measured for body-mass index calculation.

Results: Age-dependent foot-feature variations were observed slightly for males and distinctively for females. For
females, the great toe-first metatarsal head-heel (GFH) angle associated with HV increased with age, i.e., the
GFH angle increased with age, suggesting that HV increased with age. Multiple regression analysis revealed that
the features determining the GFH angle are the second toe-heel-navicular angle, bone distance axis, and
transverse arch length and height. The adjusted coefficients of determination were 0.54 and 0.52 for males and

Hallux valgus

females, respectively.

Conclusion: This approach enables simple foot structure assessment for HV risk evaluation.

1. Introduction

Hallux valgus (HV) is a common foot deformity characterized by
abnormal angulation, rotation, and lateral deviation of the great toe at
the first metatarsophalangeal joint. HV occurs widely across all age
groups. It is most common (35.7%) in older adults aged above 65 years,
followed by adults aged 18-65 years [1]. Moreover, its occurrence is
higher in females (30%) than in males (13%) [1].

It has been reported that assessing the skeletal features of the human
foot offers an effective means of HV diagnosis [2]. Moreover, HV
occurrence is influenced by several factors, including gender [1,3], age
[1], body-mass index (BMI) [2], first metatarsal length [4,5], existing
flat feet condition [4], osteoarthritis [5,6], and footwear preferences
[7]. However, the influence of the foot structure on HV remains poorly
understood [8]. Given the high prevalence of HV, an early under-
standing of the skeletal features of the feet could play an important role
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in its mitigation or even prevention. Quantitative analysis of the foot
shape is important for not only the clinical assessment of existing foot
deformities [9] but also the realization of several applications such as
ergonomic footwear design, foot orthotics, and insoles.

Foot-feature assessments can be performed using two major
methods: laser-based 3D footsurface scanning and X-ray analysis.
Although the former approach is expensive, it is often used in the
fabrication of custom-made shoes thart perfectly match the foot shape of
the customer [10,11]. More specifically, it is utilized to measure the
length and circumference of the foot; however, no prior study has
considered the use of this method for analyzing foort features in the
presence of foot deformities such as HV. By contrast, X-ray analysis is
invasive and can only be performed at medical institutions. In addition,
X-ray scans, in principle, produce two-dimensional (2D) images, causing
measurements performed via X-ray scanning to be error-prone owing to
inconsistencies that may exist between the scanning angles considered.

1 2D: two-dimensional; 3D: three-dimensional; ABD: axis of the bone distance; BMI: body-mass index; GFH: great toe—first metatarsal head—heel; GSR: great
toe-second toe ratio; HV: hallux valgus; IH: instep height; IS: instep; MPH: metatarsophalangeal heel; NH: navicular height; SHN: second toe-heel-navicular; TAH:

transverse arch height; TAL: transverse arch length
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Further, such analyses are dependent on the X-ray operator. Nix et al.
reported that HV cannot be adequately defined via X-ray scanning, and
there are no means to make appropriate adjustments to eliminate sig-
nificant differences between groups [11].

Telfer and Woodburn recently developed a 3D scanning technique
that can be used to obtain information regarding the surfaces, volumes,
and cross-sections of human body parts. Their technique facilitates the
rapid scanning of numerous individuals, and they obtained robust and
efficient measurement results [12]. Mall et al. compared the foot di-
mensions obtained using optical techniques and caliper measurements,
and reported that the former was more reliable and less time-consuming
than the latter [13]. Zhao et al. proposed an approach to measure the
foot girth at six points to customize footwear; the results obtained
revealed differences of less than 5 mm compared to manual measure-
ments [14]. However, most of these studies were undertaken from a
shoe design and fit perspective and not for evaluating foot deformities
for HV diagnosis.

Therefore, a simple 3D foot-scanner system was developed in this
study, whose implementation requires only a smartphone and a remote
computer. The objective of this study was to identify the foot features of
male and female participants belonging to different age groups. Some of
these features could be considered as indices for HV risk evaluation.

2. Methods

2.1. Development of smartphone-based 3D foot-surface morphology
scanner

In this study, we developed a 3D foot-scanner system capable of
analyzing the features of a human foot. A key characteristic of this
system is that the only hardware required for its implementation is a
smartphone, which is a widely used device. Therefore, the proposed
system can be employed by anyone familiar with the use of cameras
built into smartphones. The acquisition of video sequences of the feet for
measurement using a smartphone is depicted in Fig. 1.

The proposed system analyzes the foot features of the subject by
sending the 2D video sequences recorded using the smartphone camera
to a remote computer or cloud server. Accordingly, the proposed system
does not require the use of sophisticated high-specification hardware.
The video sequences can be recorded manually, as long as the foot being
analyzed remains within the camera frame. The system affords users a
spatial resolution of 1.7 mm in a well-equipped laboratory with a cor-
responding high reproducibility of results [15].

Figs. 2(a)—(d) define the foot features assessed in this study. The
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instep height (IH) is the distance between the sole and talus head at the
highest instep point, the navicular height (NH) is the distance between
the sole and navicular bone, and the instep (IS) angle is the angle formed
between the hallux tip, talus head, and heel (Fig. 2(a)). The second
toe-heel-navicular (SHN) angle is the angle between the second-toe tip,
navicular bone, and heel (Fig. 2(b)). The transverse arch length (TAL) is
the distance between the interior and exterior of the first and fifth
metatarsal heads, respectively, whereas the transverse arch height
(TAH) is the maximum distance between the sole and line touching the
upper forefoot surface, thereby describing the TAL (see Fig. 2(c)). The
metatarsophalangeal heel (MPH) angle is the angle between the interior
of the first metatarsal head, heel, and exterior of the fifth mertatarsal
head. Further, the great toe-first metatarsal head-heel (GFH) angle is
the angle between the hallux tip, interior of the first metatarsal head,
and heel. Lastly, the axis of the bone distance (ABD) is the centerline
distance between the heel and tip of the second toe when the talus-head
coordinate is projected onto the floor (Fig. 2(d)). In addition, the great
toe-second toe ratio (GSR), i.e., the ratio of the distance between the
second-toe tip and heel to that between the hallux tip and heel, was
determined to investigate the influence of toe length. It is noteworthy
that these distance-based features are influenced by the foot length; i.e.,
the values of the aforementioned parameters vary depending on the size
of the foot being analyzed. Accordingly, the values of these parameters
were normalized with respect to the distance between the heel and
hallux (i.e., foot length) and multiplied by 100. Furthermore, to inves-
tigate the influence of personal physique, the height and weight of each
participant were measured for BMI calculation.

Based on the above foot-feature definitions, IH as well as TAL and
TAH could be considered indices for measuring the transverse and
lateral arches, respectively. Likewise, the SHN and GFH angles could be
considered pronated foot and HV indicators, respectively.

Finally, ABD indicates the point at which the skeleton appears mis-
aligned. It is noteworthy that the HV angle—i.e., the angle between the
longitudinal axes of the first metatarsal and proximal phalanx—is used
to grade HV severity clinically as mild (15°-20°), moderate (21°-39°),
or severe (>40°) [16]. In this study, the GFH angle was considered to be
a substitute for the HV angle, which can be measured via X-ray only. In
view of this identification of the GFH angle as a key foot feature, an
estimation method is proposed in this paper. Table 1 summarizes the 10
above-described features.

2.2. Participants

This study was conducted in Shiki City, Saitama, Japan, which has a

Fig. 1. Acquiring video sequences of the feet for measurement.
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Fig. 2. (a, b, ¢, d).

population of approximately 76,000. In this study, participants were
recruited via advertisements published by the public relations depart-
ment of the city. Prior to the commencement of the foot-feature as-
sessnients, informed consent was obtained from all participants. The
study design was approved by the ethical review board in the Ryotokuji
University (Approval Number 1909).

The target participant group comprised 419 individuals (age: 40-89
years; mean age: 62.8 + 12.4 years), including 151 males (mean age:
65.6 + 11.0 years) and 268 females (mean age: 63.8 + 12.4 years).
Table 2 lists the details pertaining to the participants recruited in this
study. The inclusion criteria were an age of 40-90 years and the ability
to walk without assistance. The exclusion criteria included factors such
as lower-limb musculoskeletal disorders, concomitant systemic diseases,
clinical signs of joint laxity, and major lower-limb trauma.

2.3. Measurement methods

The measurements were performed using a commercially available
smartphone—iPhone 6 (Apple Inc., USA). All participants were
instructed to maintain a standing posture with their toes and heels
positioned 12 and 8 cm apart, respectively, throughout the measure-
ments. A volunteer in charge of performing the measurements scanned
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the feet of the participants by panning around them and recording
approximately 12-s-long video sequences using the smartphone.
Further, the foot-feature points of the participants identified by a
physical therapist via palpation were noted by sticking on a 4-mm-diam-
eter marker. It is noteworthy that, because the measurements performed
on the left and right feet yielded identical results, the proposed 3D foot-
surface model is exclusively based on the measurement results obtained
for the right foot.

2.4. Statistical analysis

In this study, we used the SPSS software package (version 24; IBM
SPSS Statistics) to analyze the measured data. During analysis, foot-
feature comparisons were performed using the student’s t-test for un-
paired data. Moreover, statistically significant differences between
measured foot features were assessed by performing a one-way Analysis
of variance (ANOVA) and Tukey’s post hoc test. The relationships be-
tween features were explored using Pearson’s correlation coefficient.
During the analysis, the GFH angle was considered equivalent to the HV
angle, and multiple linear regression was used to identify the features
strongly associated with the GFH angle, where a p value of 0.05 was
considered statistically significant.
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Table 1
Foot-feature definitions.
Abbreviation =~ Meaning Definition
IH Instep height Distance between the sole and talus
head at the highest instep point
NH Navicular height Distance between the sole and
navicular bone
18 Instep angle Angle between the hallux tip, talus
head, and heel
SHN angle Second toe-heel-navicular Angle between second-toe tip,
angle navicular bone, and heel
TAL Transverse arch length Distance between the interior of the
first metatarsal head and exterior of
the fifth metatarsal
TAH Transverse arch height Maximal distance between the sole
and line on the metatarsals yielding
TAL
MPH angle Metatarsophalangeal heel Angle between the interior of the
angle first metatarsal head, heel, and
exterior of the fifth metatarsal head
GFH angle Great toe—first metatarsal Angle between the hallux tip,
head-heel angle interior of first metatarsal head, and
heel
ABD Axis of bone distance Distance from the center line
between the heel and second-toe tip
when the coordinate point of the
talus head is projected onto the floor
GSR Great-toe-second-toe ratio Ratio of the distance between the
second-toe tip and heel to that
between the hallux tip and heel
Table 2
Participant characteristics.
Number of Age Height Weight BMIL
subjects (years) (cm) (kg)
Males Total 151 65.6 = 166.9 = 67.1 £ 24.0
11.0 5.8 10.2 + 3.2
40-64 50 525+ 170.0 = 724 £ 25.1
years 7.4 5.4 111 +3.9
65-74 70 69.1 £+ 166.7 + 65.2 + 23.4
years 2.9 55 9.2 +2.8
=75 31 78.6 = 162.5 + 62.8 £ 23.8
years 3.7 39 7.2 +26
Females Total 268 62.8 = 1544 &+ 55.0 £ 231
12.4 6.0 9.4 +3.7
40-64 120 5.2+ 157.2 £ 57.6 £ 233
years 8.1 53 10.2 +4.1
65-74 103 69.4 = 153.3 + 541+ 231
years 2.6 4.4 8.2 +:35
=75 45 78.7 = 149.3 + 50.1 £ 22.5
years 3.1 6.9 73 = =6 Lol

Note: All data are presented as mean + SD.
3. Results
3.1. Feature measurement

The foot features assessed in this study included the hallux and
second-toe tips, interior of the first metatarsal head, calcaneus protru-
sion, exterior of the fifth metatarsal head, and talus head, all of which
could be detected using the proposed system. In addition, these features
were identified via palpation performed by a physical therapist who
understood the skeletal structure of human feet. The two sets of results
demonstrated good agreement with each other, confirming the accuracy
of the proposed method for foot-feature identification.

Table 3 lists the measurement results obtained using the proposed 3D
foot scanner for both male and female participants. As can be observed,
the results obtained for men across all age groups remain virtually
consistent for all features except the GSR. However, among females,
variations are observed in the NH, IS angle, MPH angle, TAL, TAH, and
GFH angle across all age groups.
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Table 3
Results of 3D foot-scan measurements performed using the proposed method.
Total 40-64 65-74 >75 F value, p
years old years old yearsold  wvalue
IH 29.2 & 294+ 28.8 = 25.51 p=0.39
2.5 2.6 2.3 2.9
NH 19.5 + 195 + 195+ 19.6 + p=0.98
2.4 2.4 2.3 2.6
IS angle 133.4 1332+ 133.5 + 133.5 + p=0.97
[degrees] + 5.9 5.6 6.1 6.1
MPH angle 33.0 L 326 £ 331+ 331+ p=0.12
[degrees] 17 1.8 1.8 1.4
TAL 41.2 + 40.8 £ 41.4 = 41.5 £ p=022
2.0 2.0 2.1 1.7
TAH 16.2 + 16.1 = le.1 + 16.5 + p=0.26
1.3 1.4 1.1 1.5
GFH angle 33.0 + 326 £ 335+ 32.6+ p=0.65
[degrees] 6.1 5.6 6.0 7.2
SHN angle 222 + 225+ 22.0 = 223 £ p =064
[degrees] 3.0 3.2 2.9 3.1
ABD 4.18 + 4.37 + 3.99 + 4.31 + p=0.69
2.53 2.57 2.45 2.67
GSR 0.99 + 1.00 £ 0.99 + 0.99 + F(2148) =
0.02 0.02 0.02 0.02 4.21,p — 0.02
BMI 24.0 = 251 £ 234+ 238 £ F(2147) =
3.2 3.9 2.8 2.6 4.11,p —0.02
Note: The above results correspond to male participants
Total 40-64 65-74 >75 F value, p
years old years old yearsold  wvalue
H 283 + 284 + 283 + 27.6 + p=1017
2.5 2.5 2.5 2.6
NH 18.0 + 182+ 18.3 + 16.9 + F(2265) =
2.6 2.4 2.5 3.0 4.76,p =
0.009
IS angle 136.1 1353 & 1358 + 139.0 + F(2265) =
[degrees] + 5.8 5.4 6.1 5.6 7.08,p
<0.001
MPH angle 336 + 332+ 339+ 342 + F(2265) =
[degrees] 21 2.0 2.3 1.6 5.82,p
<0.001
TAL 42.0 + 414+ 42.3 = 42.7 + F(2265) =
2.5 2.3 2.7 2.0 581,p =
0.003
TAH 1594 16.0 £ 16.0 £ 153+ F(2265) =
1.4 1.5 1.3 1.3 4.48,p = 0.01
GFH angle 35.9 + 345 + 36.1 + 39.3+ F(2265) =
[degrees] 6.6 55 6.8 7.4 9.25,p
<0.001
SHN angle 233 + 231 + 233+ 236 + p—0.98
[degrees] 3.4 3.4 3.4 3.3
ABD 4.47 + 4.46 + 4.43 + 4.61 + p—0.95
3.05 2.79 3.25 3.31
GSR 0.99 + 0.99 + 0.99 + 0.99 + p=0.80
0.02 0.02 0.02 0.02
BMI 231 % 233+ 231 231+ p=0.40
37 4.1 3.5 3.7

Note: The above results correspond to female participants. All data are presented
as mean =+ SD.

3.2. Correlations among features

Table 4 describes the correlation coefficients corresponding to the
different foot features identified in this study. As can be observed, the
GFH angle is correlated with the SHN angle, ABD, IS angle, MPH angle,
TAL, TAH, and NH for both male and female participants. In addition, it
is correlated with the TH among males. Meanwhile, for both participant
groups, the ABD is correlated with the SHN angle, TH, and NH, whereas
the NH is correlated with the TAH and IS angle. Moreover, the IS angle is
correlated with the TAH, and the MPH angle is correlated with the TAL
and TAH. Finally, both the TAL and BMI are correlated with the TAH.

3.3. Multiple regression analysis for GFH angle

Table 5 lists the regression results obtained for five independent foot
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Table 4
Correlations between foot features, determined using Pearson’s coefficient (*p < 0.05,
1 2 3 4 5 6 7 8 9 10 11

1 GFH k

angle
2 ABD 0.347%% 1
3 SHN 0.56%* 0.49%% 1

angle
4 IH —0.23%* -0.33*% -0.13 1
5 NH —0.30%* —0.39%% —0.30%* 0.65%* 1
6 IS angle 0.20% 0.10 0.20% —0.74%* —0.48%* 1
7 MPH 0.37%% —0.07 0.13 0.11 0.01 0.01 1

angle
8 TAL 0.46%% —0.05 0.16% 0.10 -0.02 0.03 0.94%% 1
9 TAH —0.15 -0.13 —0.07 0.52%% 0.427%% —0.37%% 0.34%% 0.27%% 1
10 GSR 0.01 0.047 —0.04 0.04 —-0.1 0.07 -0.12 -0.1 -0.13 1
11 BMI 0.11 —0.01 0.02 0.01 0.06 0.07 0.07 0.12 0.34%% —0.18% 1
Note: The above results correspond to

male participants
1 2 3 4 5 6 i 8 9 10 11

1 GFH 1

angle
2 ABD 0.26%% 1
3 SHN 0.51+%+# 0.40%% 1

angle
4 H —0.04 —0.34%% -0.02 1
5 NH —0.17%* —0.34%% —0.22%% 0.49%% 1
6 1S angle 0.15% 0.04 0.10 —0.66%* —0.34%% 1
7 MPH 0.38%% —0.06 0.19%* 0.19%% 0.04 0.12% 1

angle
8 TAL 0.51%% —0.05 0.21%* 0.20%* 0.02 0.11 0.95%% 1
9 TAH —0.15% -0.12 —0.04 0.38%% 0.40%* —0.25%% 0.30%* 0.22%% 1
10 GSR 0.19%* —0.04 —0.08 —0.05 —0.127 0.22*%* 0.03 0.11 —0.02 T
11 BMI —0.01 —0.02 0.03 0.07 0.07 —0.02 0.16%* 0.18%% 0.46%% 0.01 1

Note: The above results correspond to female participants.

Table 5
Results of multiple regression analysis for GFH angle.
Variable B SEB [i} p value 2 Adjusted
2

SHN 0.77 0.14 0.38 <0.001 0.54 0.52
angle

TAL 143.02 18.56  0.47 <0.001  F for change  p value

inr2

TAH —135.65 30.51 —0.28 <0.001 33.23 <0.001

BMI 0.26 0.11 0.14 0.02

ABD 33.58 15.96 0.14 0.04

Note: The above results correspond to male participants

Variable B SE B i} pvalue 12 Adjusted

r2

SHN 0.72 0.10 0.37 <0.001 0.52 0.51
angle

TAL 1.24 0.12 0.47 <0.001  Ffor change  p value

inr2

TAH -1.01 0.21 -0.22 <0.001 55.47 <0.001

ABD 0.26 0.10 0.12 0.01

GSR 65.33 17.63 0.16 <0.001

Note: The above results correspond to female participants.

features related to the GFH angle for both gender groups. Four of these
features—the SHN angle, TAL, TAH, and ABD—are common for both
gender groups. The BMI and GSR are also features of interest for the
male and female groups, respectively. Regarding the relationship
strength, the adjusted r? value is 0.52 and 0.51 for the male and female
groups, respectively. For both groups, the GFH angle is characterized by
features related to the forefoot and midfoot skeletal misalignment.

4. Discussion
In this study, a system consisting of a 3D foot scanner on a smart-

phone was developed to clarify the relationships between foot features
and HV risk. Age-dependent foot-feature variations were observed
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slightly for males and distinctively for females. For females, the great
toe—first metatarsal head-heel (GFH) angle associated with HV
increased with age. In other words, in females, the GFH angle increased
with age, suggesting that HV increased with age. Multiple regression
analysis revealed that the features determining the GFH angle are the
second toe-heel-navicular angle, bone distance axis, and transverse
arch length and height.

Previous studies performed to assess the 3D structure of the human
foot have yielded methods involving the use of depth cameras [17], deep
learning [18], and Kinect [19]. The spatial accuracies afforded by such
methods lie in the 1.1-3 mm range. In comparison, the proposed system
offers a spatial accuracy of 1.7 mm [15]. Telfer and Woodburn investi-
gated the effects of age, gender, shoe size, physical activity frequency,
BMI, foot asymmetry, and foot loading on the foot shapes of 62 partic-
ipants to identify the different foot types [12]. Varga et al. addressed
whether shape descriptors derived using 3D-scan data could be used to
identify differences between foot morphologies among 15 children of
different ages [20]. Their results demonstrated that, with age, the feet of
children grow thinner. The exact changes observed included the emer-
gence of a bony architecture and increases in the area and concavity of
the medial longitudinal arch. However, their results were obtained for a
very small participant group, and no further studies were undertaken to
include large-scale, HV-focused, 3D foot-surface measurements.

The measurement results obtained in this study reveal small but
significant age-based variations in the identified foot features of males
and females, respectively. In particular, the lower NH and increasing
foot flatness among females could be attributed to aging, which does not
significantly influence the SHN angle or ABD. Moreover, the longitudi-
nal arch of the foot is likely to be connected to the tibialis posterior
muscle, and the changes observed therein could be attributed to the
strength of the sole muscle and transformations in the skeletal structure
[21,22]. For these reasons, the lowering of the longitudinal arch is
considered to be caused by the combined effect of severe
tibialis-posterior-muscle impairment [23], calcaneus protrusion [24],
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navicular-bone pronation [25], and aging. Moreover, the IS angle in-
creases with aging-induced reduction in foot thickness.

The correlation coefficient between the MPH angle and TAL exceeds
0.94 (Table 4) for both gender groups, indicating a strong correlation.
Among females, the TAL and TAH increase and decrease, respectively,
with aging (Table 3). Because the MPH angle and TAL are skeletal fea-
tures related to the forefoot width, whereas TAH is related to the fore-
foot height, forefoot flattening could be considered to be associated with
a broad foot. Among females, the aging-induced increase in the GFH
angle could be considered an early HV indicator.

Further, the foot features correlated with the GFH angle include the
SHN angle and ABD, both of which are related to the midfoot. An in-
crease in the SHN angle, which implies significant protrusion of the
navicular bone, causes a corresponding increase in ABD along with an
increased internal deviation of the midfoot interior. This characteristic
implies that foot pronation is associated with an increase in the GFH
angle, which, in turn, could cause HV. This finding is consistent with
that reported by Hagedorn et al. [26], who stated that the probability of
HV occurrence is high in people susceptible to foot pronation.

In addition, the ABD is correlated with the SHN angle > 0.40), TH
(i.e., footskeleton health) (* > 0.33), and NH (i.e., longitudinal arch
heighrt) (2 > 0.34) (Table 4). These relationships suggest that the
misalignment of the midfoot skeletal structure is related to foot health,
which is especially true with regard to the formation of the navicular
and cuneiform bones. This misalignment is influenced by both early
childhood development and aging [27].

Furthermore, a correlation between IH and TAH is observed in both
the male (r> = 0.52) and female (r* = 0.38) participant groups (Table 4).
A low correlation is observed among females because the transverse arch
reflected by the TAH is strongly influenced by female footwear.

Finally, with regard to flat feet, i.e., fallen longitudinal arches,
several extant articles have reported on footprints [28]. From a biome-
chanics perspective, the impairment of the tibialis posterior muscle or
muscles in the sole could be considered the main cause of flat feet [29].
Under pronation—the decrease in the position of the navicular bone to
which the tibialis posterior muscle attaches—several 3D changes occur,
such as subtalar-joint and forefoot supination and navicular-bone pro-
nation. Therefore, the facilitation of comprehensive 3D foot-feature
assessment for effective pronation diagnosis is a major benefit offered
by the proposed system.

Table 5 indicates that the SHN angle and ABD are dominant midfoot-
related skeletal features for determining the GFH angle for both gender
groups. Further, the TAL and TAH are corresponding dominant forefoot-
related features. The BMI and GSR are other dominant features in the
male and female participant groups, respectively. The results of the
multiple regression analysis performed in this study reveal adjusted
determination coefficient values of 0.52 and 0.51 for the male and fe-
male participant groups, respectively. During this analysis, no multi-
collinearity was confirmed with respect to any independent feature.
Moreover, large values of p corresponding to the SHN angle and TAL
were observed for the male and female participant groups, respectively.

Regarding the features associated with HV, prior studies have
revealed a low BMI and high heel usage among females aged 20-64
years, whereas a high BMI and flat feet were observed among males [2,
13]. These results suggest that the etiologic mechanisms of HV occur-
rence in males and females differ significantly. Although no overweight
or underweight participants were recruited in this study, the results
obtained reveal a correlation between BMI with HV among males, albeit
not as strong as that reported previously by Nguyen et al. [2].

Further, King and Toolan reported that, compared to the control
group (individuals without HV), males and females diagnosed with HV
are characterized by increased protrusion of the first metatarsal and
elongated first metatarsal and proximal phalanx of the hallux [4].
Therefore, the first toe plays a key role in HV diagnosis. In contrast, the
findings of this study reveal that a long second toe is associated with a
large GFH angle; in other words, the second toe plays a key role in HV
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diagnosis. King and Toolan compared the lengths of the first and second
metatarsals, whereas in this study, we compared the distances between
the first- and second-toe tips and heel. As HV develops, the proximal
phalanx of the hallux deviates laterally toward the second toe, reducing
the distance between the hallux tip and heel and causing the second toe
to appear longer.

The findings of this study reveal that the GFH angle (as an HV index)
is influenced by forefoot flatness and misalignment of the midfoot
skeleton. Komeda et al. considered the NH to be an index of flat feet,
which influences HV [30]. However, in this study, the SHN angle was
identified as an independent variable via multiple regression analysis.
Because the SHN angle and NH are inversely correlated, it is obvious
that both the height and position of the navicular bone can be consid-
ered key HV features. It is noteworthy that, being 3D, the SHN angle
cannot be determined using 2D measurement systems. However, the
proposed 3D-scanning system can easily evaluate both the NH and SHN
angle via the use of an automatically constructed 3D foot model.

Thus, using the proposed smartphone-based 3D foot scanner, we
successfully implemented a quantitative method for assessing the
human foot structure, which helped us identify factors influencing HV
occurrence.

This study is limited by several factors. First, all measurements were
performed on the exterior surfaces of the feet of the participants.
Therefore, there may exist differences between the GFH and HV angles
measured via X-ray and the proposed approach. In addition, all mea-
surements in this study were performed manually; therefore, the
measured data are susceptible to hand vibrations and disturbances
during video recording. Lastly, the 3D foot model considered in this
study was constructed using 2D images; hence, the construction process
is prone to errors.

Conclusions

This paper presented a smartphone-based 3D foot-scanning method
to analyze the structure of the human foot. The SHN angle and ABD were
identified as dominant midfoot skeletal features for determining the HV-
related GFH angle. Correspondingly, the TAH and TAL were identified as
the dominant forefoot-related features. Moreover, this study revealed
the occurrence of negligible and significant age-based variations in the
identified foot features among males and females, respectively. The
findings of this study reveal that it is possible to perform non-invasive
assessments of the human foot structure using a simple smartphone
application. This work will facilitate the identification of parameters
concerning the skeletal structure of the human foot and their contribu-
tions to HV occurrence. Thus, the results obtained in this study can be
considered to constitute a significant step toward HV prevention.
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