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Simple Summary: In this study, the finite element method was used to explore the effect of distal
chevron osteotomy displacement on metatarsal stress. For the subjects used in this study, the
metatarsal stress was minimized by moving 4 mm. For the displacement of chevron osteotomy,
both postoperative stability and stress distribution of metatarsal should be considered. The most
appropriate distance is suggested to be obtained by combining HVA, IMA, age, body weight, and
metatarsal width. The finite element method can be used for preoperative estimation of chevron
osteotomy and guide the operation.

Abstract: Background: The stress of foot bone can effectively evaluate the functional damage caused
by foot deformity and the results of operation. In this study, the finite element method was used to
investigate the degree of displacement of distal chevron osteotomy on metatarsal stress and metatar-
sophalangeal joint load; Methods: Four finite element models of displacement were established by
using the CT images of a patient with moderate hallux valgus (hallux valgus angle and intermetatarsal
angle were 26.74° and 14.09°, respectively), and the validity of the model was verified. Each finite
element model consisted of bones and various cartilage structures, ligaments, and plantar fascia, as
well as encapsulated soft tissue. Except for soft tissue, the material properties of other parts were
isotropic linear elastic material, and the encapsulated soft tissue was set as nonlinear hyperelastic
material. The mesh was tetrahedral mesh. Link elements were used in ligament and plantar fascia. A
ground reaction force with a half-body weight was applied at the bottom of the floor to simulate the
ground reaction when standing. The upper surfaces of the encapsulated soft tissue, distal tibia, and
distal fibula were fixed. The stress distribution of metatarsals and the stress of cartilage of the first
metatarsophalangeal joint were compared and analyzed; Results: Compared with the hallux valgus
without osteotomy, the stress of the first metatarsals and second metatarsals of 2-4 mm decreased,
and the stress of the interarticular cartilage of the first metatarsophalangeal joint with 4 mm was
reduced. In the case of 6 mm, the stress value between the first metatarsal and the first metatarsopha-
langeal joint increased, and 4 mm was the most suitable distance; Conclusions: Compared with the
hallux valgus without osteotomy, the stress of the first metatarsals and second metatarsals of 2-4 mm
decreased, and the stress of the interarticular cartilage of the first metatarsophalangeal joint with
4 mm was reduced. In the case of 6 mm, the stress value between the first metatarsal and the first
metatarsophalangeal joint increased, and 4 mm was the most suitable distance. For the degree of
displacement of the distal chevron osteotomy, the postoperative stability and the stress distribution
of metatarsal bone should be considered. Factors such as hallux valgus angle, intermetatarsal angle,
patient’s age, body weight, and metatarsal width should be considered comprehensively. The factors
affecting osteotomy need to be further explored. The degree of displacement of osteotomy can be
evaluated by FE method before the operation, and the most suitable distance can be obtained.
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1. Introduction

Hallux valgus (HV) is a common foot disease [1]. The deformity changes the anatom-
ical structure of the foot, causes biomechanical changes of the foot, affects the weight-
bearing of the foot, and presents a variety of clinical symptoms. It is characterized by
a progressive lateral deviation of the hallux, accompanied by a medial deviation of the
first metatarsal. Hallux valgus angle (HVA) and intermetatarsal angle (IMA) are com-
monly used radiological indices to evaluate the degree of deformity, which can be divided
into mild (HVA: 15-20°; IMA: 9-11°), moderate (HVA: 20-40°; IMA: 11-16°), and severe
(HVA: >40°; IMA: >16°) [2]. Increasing HV can lead to major health-related problems, such
as metatarsal pain [3], poor balance [4], and an increased risk of falls in the elderly [5].

With the development of the disease, the appearance of the foot of the patients with
HYV gradually changes. The appearance of the foot is also affected by the accompanying
pain and other symptoms. Conservative treatment is the first choice for the treatment of this
disease [6]. However, sometimes surgery is needed. There are many treatment methods
for HV, and most HV deformities can only be corrected by surgery [7]. It is reported that
there are more than 150 surgical methods for HV correction. Barg et al. [8] systematically
reviewed studies reporting the results of surgical correction of HV deformities. A total of
229 studies met the inclusion criteria. The results showed that the complication rates of
postoperative dissatisfaction and postoperative first metatarsal toe pain were 10.6% and
1.5%, respectively. The total recurrence rate of malformation was 4.9%. Li et al. [9] presented
a retrospective analysis of 186 patients who underwent chevron osteotomy combined with
distal soft tissue release; 45 patients (24.2%) had a recurrence of HV. The analysis showed
that osteotomy was a risk factor for recurrence of HV.

Chevron osteotomy is distal osteotomy. The method of osteotomy is shown in
Figure 1 [10]. As one of the most commonly used methods of HV osteotomy, the clini-
cal effect of chevron osteotomy is satisfactory to both doctors and patients. Vernois and
Redfern [11] reported the results of chevron osteotomy for the treatment of 100 feet. Radio-
logical analysis showed that the IMA was corrected from 14.5° to 5.5° at the last follow-up.
The average HVA was corrected from 33.7° before operations, to 7.3° at the last follow-up.
The satisfaction rate reported by the patients was 95%. How to achieve satisfactory surgical
results and, at the same time, relieve pain and prevent complications is a problem worth
thinking about by doctors.
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Figure 1. The process of chevron osteotomy. Figure provided by H.J. Trnka.

In an orthopedic osteotomy, the degree of displacement and shortening of distal
osteotomy directly affected the correction effect of the operation. Insufficient displacement
cannot effectively reduce the IMA, and excessive displacement is not conducive to the
stability of the osteotomy [12]. In clinical treatments, the degree of displacement of distal
chevron osteotomy is generally judged according to the X-ray HVA and IMA of the affected
foot during distal first metatarsal osteotomy [13]. Timothy M. [14] proposed that, when
using chevron osteotomy, the distal metatarsal push should be 50% of the metatarsal shaft
width to ensure stability after osteotomy. This study was carried out from the point of view
of biomechanics, and the finite element (FE) method was used to explore the influence of
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different distal metatarsal displacements on the stress distribution of metatarsals. In this
study, the influence of the progress of chevron osteotomy on the stress of metatarsal bone
was not considered, so the first metatarsal bone was not shortened by modeling.

Computational method using FE analysis provides a versatile platform to evalu-
ate the internal biomechanical environment with controlled and pre-assigned sets of
conditions [15-17], which was commonly used to understand foot pathology [18], as-
sess the outcome of surgery [19], and design implants [20], etc. The FE method has been
widely used in the study of HV. Zhang et al. [21] predicted the metatarsal stress and pres-
sure of a severe HV patient under a balanced standing condition using a comprehensive FE
model of the foot and ankle complex. Wong et al. [22] established a musculoskeletal model
to explore the effect of ligament relaxation on the etiology of HV. The above studies are all
based on the FE method to explore all kinds of foot problems. Simoén et al. [23] found that
diabetes increased the limitation of ankle movement, which can provide a reference for
exploring the effect of stiffness on walking by FE method. Matzaroglou et al. [24] explored
the stress difference between 90° chevron osteotomies and 60° chevron osteotomies by FE
method. FE method predicted enhanced mechanical bonding, with stronger compressive
stresses and weaker shearing stresses with the 90° chevron osteotomy. The influence of
different degrees of displacement of chevron osteotomy on the stress of metatarsal bone
remained unaddressed. In this study, the FE method was used to establish a series of
FE models of HV foot with different degrees of distal metatarsal in chevron osteotomy,
to simulate the stress distribution of metatarsal at rest, and to explore the biomechanical
properties of HV foot and the biomechanical influence of operation on it. In the past,
the evaluation of the curative effect of orthopedic surgery was mostly based on the im-
provement of clinical symptoms, ignoring mechanical analysis. This study focused on
the influence of distal metatarsal extrapolation displacement of chevron osteotomy on
metatarsophalangeal joint stress, from the point of view of biomechanical mechanism, and
made a comparative analysis to provide a theoretical basis for selecting the best operation
plan in clinical treatment.

2. Materials and Methods
2.1. Data Acquisition

In this study, a female patient with moderate HV (age: 30 years old; height: 165 cm;
weight: 50 kg) was selected. Her HVA and IMA were 26.74° and 14.09°, respectively, as
shown in Figure 2a. A three-dimensional model of the HV foot was reconstructed by
CT. In the past 12 months, the participants had no other musculoskeletal pathology, pain,
lower limb injury, or surgery. The study was approved by the school ethics committee
(ARGH20211115).

Fixed surfaces

Achilles
tendons

Figure 2. (a) HIA and IMA in patients with moderate HV; (b) Plantar fascia and ligaments; (c) Bound-
ary conditions and load.
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2.2. Model Construction

The right foot of the subject was scanned by CT at intervals of 2 mm, and the right
foot was standing at the time of shooting. Mimics16.0 (Materialise, Leuven, Belgium) was
used to segment the two-dimensional image, and the three-dimensional model of bone
tissue and capsule soft tissue was obtained, using Geomagic Studio 2013 (Geomagic, Inc.,
Research Triangle Park, NC, United States) to smooth the uneven model. Each surface
component was then imported into SolidWorks 2020 (SolidWorks Corporation, Waltham,
MA, United States) to form solid parts.

To model the cartilage structure, a solid was created between the adjacent surfaces of
two bones. All bones and cartilage from all soft tissue were subtracted to form encapsulated
soft tissue. The foot numerical model consisted of 30 bone segments, including tibia,
fibula, talus, calcaneus, cuboid bone, scaphoid bone, 2 sesamoid bone, 3 cuneiform bone,
5 metatarsal bone, and 14 phalanges. The connection unit, with tension-only capacity, was
used to simulate ligaments. A total of 76 ligaments and 5 plantar fasciae were included,
and the attachment points on the corresponding bones were connected by a straight line
structure, as shown in Figure 2b. The attachment area was determined by referring to
the anatomy book [25], and the attachment point was close to the geometric center of the
attachment area. The metatarsal bone was cut in SolidWorks to simulate the models of
different degrees of chevron osteotomy. The distances were 0 mm, 2 mm, 4 mm, and 6 mm,
and the chevron osteotomy angle of each model was 90° [24].

The four models were imported into Workbench19.2 (ANSYS, Inc., Canonsburg, PA,
USA) for meshing and contact settings. All solid parts were divided by tetrahedral meshes.
Based on the age matching model, which passed the mesh convergence test before, the
mesh sizes of encapsulated soft tissue, bone, and cartilage were set to 3 mm, 2 mm, and
0.5 mm, respectively. In addition, local refinement was carried out to adapt to the geometric
shape of the contact area.

Workbench provided automatic contact detection for parts. Using an algorithm based
on surface proximity, you can create possible contact pairs. Face-to-face contact was used
to simulate the interaction between cartilage and bone surface. The contact between the
surface of bone and cartilage was set to frictionless [26]. All the bones and cartilage were
glued to the encapsulated soft tissue. The interaction between the foot and the plate was
simulated as a contact surface with a friction coefficient of 0.6 [27]. The rest of the contracts
were set to bind.

2.3. Boundary, Loading Conditions

The FE method was used to analyze the state of the right foot standing in balance.
The upper surface of the soft tissue, the distal tibia, and the distal fibula were fixed as
shown. A plate with elastic properties was created to simulate the ground support. The
board can only move freely in the vertical direction. The vertical ground reaction force of
the half-body weight was applied to the lower surface of the plate 250 N. The interaction
between the foot and the plate was simulated as a contact surface with a friction coefficient
of 0.6 [27]. An equivalent force vector 125 N [28], representing the force of the Achilles
tendon, was applied at the posterior end of the calcaneus, as shown in Figure 2c.

Except for the encapsulated soft tissue, all materials were regarded as isotropic and linear
elastic materials, and their properties were obtained from previous literature [29-33]. Two
material constants, Young’s modulus (E) and Poisson’s ratio (v), were specified to represent
elasticity. The encapsulated soft tissue was set as a nonlinear hyperelastic material, which
was defined as the Moonley-Rivlin model. The material properties of each component are
listed in Table 1.
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Table 1. Material parameters of foot FE model.

Component Yang’s Modulus Poisson’s Ratio Cross-Section Area
E (MPa) W) (mm?)
Bone 7300 0.3
Cartilage 1 0.4
Ligament 260 0.4 18.4
Plantar Fascia 350 0.4 58.6
Plate 17,000 0.4

2.4. Validation of the FE Models

The verification was verified by comparing the plantar pressure measured in the
experiment with the finite element prediction in the standing stage without osteotomy. The
plantar pressure of the same subject was measured by the Emed plantar pressure plate
(Novel, Munich, Germany). The subjects were asked to stand still on the Emed pressure
plate for 5 s [21], and the peak contact pressure and pressure distribution were recorded.
The peak pressure and pressure distribution measured by the experiment were compared
with the data predicted by the finite element method to verify the effectiveness of the model.

3. Results
3.1. Model Building

In this study, a total of four models were established, namely the moderate HV right
foot without osteotomy and the model chevron osteotomy passing 2 mm, 4 mm, and 6 mm,
as shown in Figure 3. After osteotomy, the number of units, HVA, and IMA are shown in
Table 2.

Figure 3. (a—d) Four models of distal metatarsal displacement were performed with no osteotomy,
and the displacement of osteotomy was 2 mm, 4 mm, and 6 mm.

Table 2. The number of units and HVA, IMA.

HVA IMA Nodes Elements
no osteotomy 25.6° 14.1° 2061317 1391011
2 mm 20.3° 11.3° 2059307 1389514
4 mm 15.4° 9.3° 2059749 1390233

6 mm 11.6° 8.4° 2055713 1387394
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3.2. Verification Result

The plantar pressure predicted by FE method was compared with that obtained by
experiment. The results show that the data are in good agreement with each other. From
the results, when standing in balance, the plantar pressure was mainly concentrated in
the heel and the inside of the forefoot, as shown in Figure 4. The peak values of plantar
pressure are all on the inside of the forefoot, and the peak data measured by FE simulation
and experiment were 0.26 MPa and 0.28 MPa, respectively, with a difference of only 7.6%,
which proves that the model is effective.

Unite: MPa
. 0.261 Max
0.22125

0.18352

0.15381

0.12351

0.09538

0.06852
0.03652

0.0025 Min

Figure 4. Comparison of the plantar pressure between computational prediction and experimental
measurement in a balanced standing position.

3.3. The Stress of the Metatarsals

Among the five metatarsals, M2 had the highest stress, followed by M3 and M1,
followed by M4 and M5. The stress distribution and stress value of metatarsals are shown
in Figure 5. In Figure 5a,b, it can be seen that there is obvious stress concentration in M2
without osteotomy, which can effectively slow down the problem of stress concentration
in M2 after osteotomy. From the maximum stress value of each metatarsal in Figure 5e,
it can be seen that the stress of the first metatarsal can be effectively reduced when the
displacement was 2 mm and 4 mm; the stress of the first metatarsal was reduced by 6.9%
and 10.1% respectively, while, in the case of 6 mm, the stress of the first metatarsal increased
by 33.1%. Compared with the model without osteotomy, the stress of M3, M4, and M5
increased after osteotomy. After osteotomy, the overall stress of the foot transferred to the
displacement side (the lateral side of the foot).
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Unite: MPa

13.336 Max
I 11.102
10.25
— 9.3972

— 8.5448
— 7.6924

6.84
H 5.9877
5.1353

4.2829
34305

2.5781

1.7257
0.87331
0.020922 Min

(b)

(e)
3fs: 16 I no osteotomy
M5 412 2
. mm
341 H
s.81 . 4mm
- 4.20 6mm
M4 3.84
321
6.31
M3 16,59

12.73

11.87
M2 11.86
13.34

6.32
4.27

4.75
0 2 4

6 8 10 12 14 unite: MPa

Figure 5. (a—d) is the stress distribution of metatarsal bone no osteotomy, 2 mm, 4 mm, 6 mm,
respectively, (e) is the maximum stress of each metatarsal. M1-M5 is the first to fifth metatarsals,
respectively.

3.4. The Stress of the First Metatarsophalangeal Articular Cartilage

There is cartilage between metatarsals and phalanges, and the cartilage between
metatarsophalangeal joints is defined as joint stress. The stress value of the first metatar-
sophalangeal joint of each model is shown in the Figure 6. The stress value of the first
metatarsophalangeal articular cartilage of 4 mm was significantly lower than that of no os-
teotomy. Compared with no osteotomy, the stress of the first metatarsophalangeal articular
cartilage of the 6 mm model and metatarsophalangeal joint increased by 3.1% and 22.7%,
respectively. From the stress distribution map of cartilage, it can be seen that the stress of
no osteotomy cartilage was concentrated in the lower part of the cartilage. After osteotomy,
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the stress distribution on the inner and outer side of cartilage was asymmetrical, especially
2 mm and 6 mm, and the stress was mainly concentrated in the lower part.

Unite: MPa
0.82156 Max 0.67 Mpa 0.69 Mpa
0443
041008
0.37717
0.34425
0.31133
0.27841
0.2455
0.21258
0.17966
0.14674
0.11383
4060005 no osteotomy 2 mm
0.0473892
0.015074 Mi
n 0.48 Mpa 0.82 Mpa
4 mm 6 mm

Figure 6. Stress distribution and stress value of the first metatarsophalangeal articular cartilage.

4. Discussion

In this study, the HV model of the right foot was established by using the FE method.
The model was assembled and modified in SolidWorks to simulate the models of different
degrees of chevron osteotomy, and the stress of the metatarsal was analyzed from the point
of view of biomechanics. In the past, the curative effect evaluation of orthopedic surgery
was based on the improvement of clinical symptoms, ignoring the mechanical analysis.
The FE analysis method uses the approximate mathematical method to divide the physical
system into many small elements for simulation, which can simulate and calculate the
structures with complex geometric shapes and material properties [34]. The FE method
has a powerful modeling function, and it can simulate objects with complex geometric
shapes, material parameters, and different stress conditions under static and dynamic
conditions [35]. It can not only repeat and change various stress areas and directions
for complex stress analysis, but also keep the physical properties of the model constant,
which can make up for the shortcomings of in vitro cadaveric experiments and animal
experiments. It is widely used in biomechanical research [36,37]. This study has shown
that the finite element method can well explore chevron osteotomy, to explore the effect of
different degrees of extrapolation on metatarsal stress. The FE method can be used not only
to evaluate the mode of operation, but also to evaluate the effect of different implantation
methods of internal fixation instruments. The study of Lopez et al. [38] showed that in
different foot diseases, it was found that the optimal level of fixation of different types
of Lapidus plate systems in foot surgery was related to the type of screw plate and the
implant location of the system. The number of studies on the effectiveness of Lapidus
plate systems in foot surgery is insufficient, and it is necessary to increase the knowledge
of the results of fixation level, system type, and insertion position in foot surgery. The
FE method can effectively explore this problem, and it can also explore the influence of
a muscle on the biomechanics of the foot through the musculoskeletal system combined
with FE method [39]. Palomo et al. [40] found that the existence of fibularis tertius muscle
was variable and was not affected by individual sex. This study can provide a good idea
for further research. In recent years, FE analysis has been widely used in the field of foot
and ankle surgery, which provides strong support for clinical research on the etiology,
pathological mechanism, treatment, and rehabilitation intervention of foot diseases [37].
In this study, from the point of view of three-dimensional mechanics, a good therapeutic
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effect should not only correct the deformity, but also restore near-normal plantar pressure
distribution and prevent recurrence and other complications.

During the orthopedic osteotomy, the degree of displacement directly affected the
operation’s correction effect, which was not enough to reduce the IMA effectively; too
much to the outside was not conducive to the stability of the osteotomy end [41]. In clinical
treatment, the degree of distal metatarsal moving outward after osteotomy is generally
judged according to the HVA angle and IMA angle of the X-ray taken of the affected
foot [13]. In chevron osteotomy, different scholars hold different views on this, and the
degree of distal metatarsal displacement is also different. The chevron osteotomy of the
distal first metatarsal was described by Corless [42] in 1976 as a modification of the Mitchell
procedure for the correction of bunions associated with mild to moderate metatarsus
primus varus. Some scholars have reported the results of using chevron osteotomy [43,44].
They suggested that the lateral displacement of the metatarsal head should be only 2-4 mm
to prevent it from falling off from the side. Austin et al. [45], reported the experience of
chevron osteotomy in 1981. They describe shifting the metatarsal head to 1/4 to 1/2 of the
width of the metatarsal shaft to correct varus. Other authors have also proposed guidelines
for the lateral displacement of the metatarsal head [46-48]. Timothy M. et al. [14] proposed
that the distal metatarsal distal displacement should be 50% of the metatarsal shaft width
when using chevron osteotomy, to ensure stability after osteotomy.

The above research focuses on the stability of metatarsals after osteotomy and does
not analyze the stress of metatarsals and metatarsophalangeal joints. In this study, the
metatarsal width of the subject was 12.2 mm. Since the problem of postoperative stability
was not considered in this study, the contact between bones after osteotomy was set to
“bond”. The study showed that when the width of the metatarsal was pushed to 50%,
that is, when the foot was moved 6 mm, the stress of other metatarsal bones except the
second metatarsal bone was significantly increased compared with that of the foot without
osteotomy; the stress of the first metatarsal bone was increased by 33.1%. Moving 6 mm
was the most stable, but not the most suitable. Zhang et al. [21] showed that the stress
value of the first metatarsal of the bunion foot was greater than that of a normal foot.
Chevron osteotomy is not only used to improve the appearance of the foot, but also to
reduce stress on the abnormal metatarsal of the foot with HV [49]. In the case of 2 mm
and 4 mm displacements, the stress of the first metatarsal decreased by 6.9% and 10.1%,
respectively. The stress of the second metatarsal also decreased, but the stress of the third,
fourth, and fifth metatarsal increased, and the stress of the first and second metatarsal
gradually transferred to the lateral after osteotomy. Based on these results, displacement of
2 mm and 4 mm, compared to 6 mm (50% of the metatarsal shaft), can reduce the stress of
the first metatarsal and avoid complications such as pain in the corpus callosum.

In this study, the cartilage in the middle of the metatarsophalangeal joint represents
the stress of the metatarsophalangeal joint. It was found that the stress distribution of
the first metatarsophalangeal articular cartilage of the HV foot without osteotomy was
mainly concentrated near the lateral base of the second metatarsal bone, and there was
also stress concentration at the medial bottom. After the operation, the stress concentration
at the medial bottom disappeared, and 2 mm had little effect on the stress at the lateral
base. However, after moving 6 mm, the stress of the first metatarsophalangeal articular
cartilage increased by 22.4%, which may aggravate the symptom of “painful bunion” which
is one of the most common complaints among HV patients [50]. The stress of the first
metatarsophalangeal joint decreased only when the 4 mm was moved. According to the
above results, 4 mm was the most suitable for patients with moderate HV, with an HVA of
25.6° and an IMA of 14.1°. The push amount of chevron osteotomy should be considered
based on the stability and the stress distribution of metatarsals after operation. As a result,
a combination of HVA, IMA, age, weight, and width of metatarsals of patients [14] is
essential for obtaining the most suitable distance. However, the factors that affect the effect
of surgery are not limited to the above factors.
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As an important part of digital medicine, FE analysis will play a greater potential in
the study of HV deformity [51]. Through the analysis of the FE model of HV foot, we can
fully understand the various surgical treatment methods and the long-term biomechanical
changes after operation, which has important clinical significance for predicting the curative
effect of operation and the prevention of complications [52,53]. However, in the FE analysis
method, the establishment of the model approximately simulates the organism by the way
of digital modeling. In this study, the ligament properties of the operated and unoperated
models were the same, and the effect of operation on the ligament was not taken into
account. A greater or lesser rigidity of the plantar structures (ligaments mainly) and how
these structures influence the mobility of the first radius were not contemplated, alongside
how this can affect the stress distribution of metatarsals and the stress of cartilage of the first
metatarsophalangeal joint. In terms of materials, except for the encapsulated soft tissue, all
materials were regarded as isotropic and linear elastic materials. The bone was divided
into cortical bone and cancellous bone. If the bone was defined as a linear elastic material,
the stress value of the bone would increase, which needs to simplify some secondary
organization and structure of the complex organism, which cannot be completely accurate.
In addition, the results were based on some assumptions due to the use of FE, that may
be reflected as a potential limitation. Therefore, improving the geometric similarity and
accuracy of FE model is an important direction of FE analysis in biomechanics research.

5. Conclusions

Four FE models were established, simulating different degrees of displacement of
chevron osteotomy, to predict the internal stress of metatarsals and the loading of metatar-
sophalangeal joints during balanced standing. Displacement of 4 mm was the most suitable
for patients with moderate HV, with an HVA of 25.6° and an IMA of 14.1°. For the dis-
placement of chevron osteotomy, both postoperative stability and stress distribution of
metatarsals should be considered. The most appropriate distance was suggested to be
obtained by combining HVA, IMA, age, body weight, and metatarsal width. The factors
affecting osteotomy need to be further explored. The material properties of ligament,
cortical bone, and cancellous bone of the model will be further improved, and the effect of
muscle strength on the foot model will be considered, to obtain more accurate prediction
and better comparison.

Author Contributions: All authors have made substantial contributions to the manuscript. Q.Z., Y.Z.,
and Y.G. were responsible for the conception and design of the study. Q.Z. and Y.Z. were responsible
for data acquisition and data processing. Q.Z., Y.Z., E.C.T.,, ].H., and Y.G. were responsible for data
analysis and interpretation and drafting the article. Y.Z., E.C.T., and Y.G. revised the manuscript
critically. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Key Project of the National Social Science Foundation of
China (19ZDA352), NSFC-RSE Joint Project (81911530253), Key R&D Program of Zhejiang Province
China (2021C03130), Public Welfare Science and Technology Project of Ningbo, China (20215133),
Zhejiang Province Science Fund for Distinguished Young Scholars (R22A021199), Natural Science
Foundation of Zhejiang Province (LQ21H060003), and K. C. Wong Magna Fund in Ningbo University.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Committee of Ningbo University (RAGH20211115).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data that support the findings of this study are available on
reasonable request from the corresponding author. The date is not publicly available, due to privacy
or ethical restrictions.

Acknowledgments: This study was supported by Natural Science Foundation of Zhejiang Province
(LQ21H060003).

Conflicts of Interest: The authors declare no conflict of interest.



Biology 2022, 11,127 11 0f12

References

1. Ying,].; Xu, Y;; Istvan, B.; Ren, F. Adjusted Indirect and Mixed Comparisons of Conservative Treatments for Hallux Valgus: A
Systematic Review and Network Meta-Analysis. Int. J. Environ. Res. Public Health 2021, 18, 3841. [CrossRef]

2. Garrido, LM.; Rubio, E.R.; Bosch, M.N.; Gonzalez, M.S.; Paz, G.B.; Llabrés, A.]. Scarf and Akin osteotomies for moderate and
severe hallux valgus: Clinical and radiographic results. Foot Ankle Surg. Off. ]. Eur. Soc. Foot Ankle Surg. 2008, 14, 194-203.
[CrossRef] [PubMed]

3. Waldecker, U. Metatarsalgia in hallux valgus deformity: A pedographic analysis. J. Foot Ankle Surg. Off. Publ. Am. Coll. Foot Ankle
Surg. 2002, 41, 300-308. [CrossRef]

4. Menz, H.B,; Lord, S.R. The contribution of foot problems to mobility impairment and falls in community-dwelling older people. J.
Am. Geriatr. Soc. 2001, 49, 1651-1656. [CrossRef] [PubMed]

5. Zhang, B.; Lu, Q. A Current Review of Foot Disorder and Plantar Pressure Alternation in the Elderly. Phys. Act. Health 2020, 4,
95-106. [CrossRef]

6. Partio, N.; Mdenpé&d, H.; Huttunen, T.; Haapasalo, H.; Laine, H.]J.; Mattila, V.M. Incidence of hallux valgus primary surgical
treatment. Finnish nationwide data from 1997 to 2014. Foot Ankle Surg. Off. ]. Eur. Soc. Foot Ankle Surg. 2019, 25, 761-765.
[CrossRef]

7. Liszka, H.; Gadek, A. Percutaneous Transosseous Suture Fixation of the Akin Osteotomy and Minimally Invasive Chevron for
Correction of Hallux Valgus. Foot Ankle Int. 2020, 41, 1079-1091. [CrossRef]

8.  Barg, A.; Harmer, J.R,; Presson, A.P; Zhang, C.; Lackey, M.; Saltzman, C.L. Unfavorable Outcomes Following Surgical Treatment
of Hallux Valgus Deformity: A Systematic Literature Review. J. Bone Joint Surg. Am. Vol. 2018, 100, 1563-1573. [CrossRef]
[PubMed]

9. Li X,; Guo, M,; Zhu, Y.; Xu, X. The excessive length of first ray as a risk factor for hallux valgus recurrence. PLoS ONE 2018, 13,
€0205560. [CrossRef] [PubMed]

10. Trnka, H.J. Percutaneous, MIS and open hallux valgus surgery. EFORT Open Rev. 2021, 6, 432-438. [CrossRef]

11.  Vernois, J.; Redfern, D.J. Percutaneous Surgery for Severe Hallux Valgus. Foot Ankle Clin. 2016, 21, 479-493. [CrossRef] [PubMed]

12.  Kalender, A.M.; Uslu, M.; Bakan, B.; Ozkan, F,; Erturk, C.; Altay, M.A.; Guner, S.; Kalender, M. Mitchell’s osteotomy with
mini-plate and screw fixation for hallux valgus. Foot Ankle Int. 2013, 34, 238-243. [CrossRef] [PubMed]

13. Radwan, Y.A.; Mansour, A.M. Percutaneous distal metatarsal osteotomy versus distal chevron osteotomy for correction of
mild-to-moderate hallux valgus deformity. Arch. Orthop. Trauma Surg. 2012, 132, 1539-1546. [CrossRef] [PubMed]

14. Badwey, T.M.; Dutkowsky, J.P; Graves, S.C.; Richardson, E.G. An anatomical basis for the degree of displacement of the distal
chevron osteotomy in the treatment of hallux valgus. Foot Ankle Int. 1997, 18, 213-215. [CrossRef]

15. Morales-Orcajo, E.; Bayod, J.; de Las Casas, E.B. Computational foot modeling: Scope and applications. Arch. Comput. Methods
Eng. 2016, 23, 389-416. [CrossRef]

16. Wang, Y.; Wong, D.W.-C.; Zhang, M. Computational models of the foot and ankle for pathomechanics and clinical applications:
A review. Ann. Biomed. Eng. 2016, 44, 213-221. [CrossRef] [PubMed]

17.  Behforootan, S.; Chatzistergos, P.; Naemi, R.; Chockalingam, N. Finite element modelling of the foot for clinical application:
A systematic review. Med. Eng. Phys. 2017, 39, 1-11. [CrossRef]

18. Wong, D.W.-C.; Wang, Y.; Leung, A.K.-L.; Yang, M.; Zhang, M. Finite element simulation on posterior tibial tendinopathy: Load
transfer alteration and implications to the onset of pes planus. Clin. Biomech. 2018, 51, 10-16. [CrossRef]

19. Wong, D.W.-C.; Ni, M.; Wang, Y.; Zhang, M. Biomechanics of Foot and Ankle. In Frontier in Orthopaedic Biomechanics; Cheng,
C.-K., Woo, S.L.-Y,, Eds.; Springer: Singapore, 2020; pp. 219-263.

20. Gu, Y;Li J; Ren, X; Lake, M.].; Zeng, Y. Heel skin stiffness effect on the hind foot biomechanics during heel strike. Skin Res.
Technol. 2010, 16, 291-296. [CrossRef]

21. Zhang, Y.; Awrejcewicz, ].; Szymanowska, O.; Shen, S.; Zhao, X.; Baker, ].S.; Gu, Y. Effects of severe hallux valgus on metatarsal
stress and the metatarsophalangeal loading during balanced standing: A finite element analysis. Comput. Biol. Med. 2018, 97, 1-7.
[CrossRef]

22.  Wong, D.W,; Wang, Y.; Chen, T.L.; Yan, F; Peng, Y.; Tan, Q.; Ni, M.; Leung, A K.; Zhang, M. Finite Element Analysis of Generalized
Ligament Laxity on the Deterioration of Hallux Valgus Deformity (Bunion). Front. Bioeng. Biotechnol. 2020, 8, 571192. [CrossRef]

23.  Simoén-Pérez, E.; Simon-Pérez, C.; Alonso-Pena, D.; Ponton-Cortina, A.; Chicharro-Luna, E.; Martinez-Nova, A.; Navarro-Flores,
E. Stiffness degree of ankle range of motion in diabetic patients with atypical amputation. Rev. Assoc. Med. Bras. 2020, 66, 216-221.
[CrossRef]

24. Matzaroglou, C.; Bougas, P.; Panagiotopoulos, E.; Saridis, A.; Karanikolas, M.; Kouzoudis, D. Ninety-degree chevron osteotomy
for correction of hallux valgus deformity: Clinical data and finite element analysis. Open Orthop. ]. 2010, 4, 152-156. [CrossRef]

25. Hermans, ].J.; Beumer, A.; de Jong, T.A,; Kleinrensink, G.J. Anatomy of the distal tibiofibular syndesmosis in adults: A pictorial
essay with a multimodality approach. J. Anat. 2010, 217, 633—-645. [CrossRef] [PubMed]

26. Athanasiou, K.A; Liu, G.T.; Lavery, L.A.; Lanctot, D.R.; Schenck, R.C., Jr. Biomechanical topography of human articular cartilage
in the first metatarsophalangeal joint. Clin. Orthop. Relat. Res. 1998, 348, 269-281. [CrossRef]

27. Yu, J; Cheung, ].T,; Fan, Y.; Zhang, Y.; Leung, A.K.; Zhang, M. Development of a finite element model of female foot for
high-heeled shoe design. Clin. Biomech. 2008, 23 (Suppl. S1), S31-538. [CrossRef] [PubMed]

28. Simkin, A. Structural Analysis of the Human Foot in Standing Posture. Ph.D. Thesis, Tel Aviv University, Tel Aviv, Israel, 1982.


http://doi.org/10.3390/ijerph18073841
http://doi.org/10.1016/j.fas.2008.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19083642
http://doi.org/10.1016/S1067-2516(02)80048-5
http://doi.org/10.1111/j.1532-5415.2001.49275.x
http://www.ncbi.nlm.nih.gov/pubmed/11843999
http://doi.org/10.5334/paah.57
http://doi.org/10.1016/j.fas.2018.10.001
http://doi.org/10.1177/1071100720935036
http://doi.org/10.2106/JBJS.17.00975
http://www.ncbi.nlm.nih.gov/pubmed/30234626
http://doi.org/10.1371/journal.pone.0205560
http://www.ncbi.nlm.nih.gov/pubmed/30304018
http://doi.org/10.1302/2058-5241.6.210029
http://doi.org/10.1016/j.fcl.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27524702
http://doi.org/10.1177/1071100712465392
http://www.ncbi.nlm.nih.gov/pubmed/23413064
http://doi.org/10.1007/s00402-012-1585-5
http://www.ncbi.nlm.nih.gov/pubmed/22821414
http://doi.org/10.1177/107110079701800405
http://doi.org/10.1007/s11831-015-9146-z
http://doi.org/10.1007/s10439-015-1359-7
http://www.ncbi.nlm.nih.gov/pubmed/26101032
http://doi.org/10.1016/j.medengphy.2016.10.011
http://doi.org/10.1016/j.clinbiomech.2017.11.001
http://doi.org/10.1111/j.1600-0846.2010.00425.x
http://doi.org/10.1016/j.compbiomed.2018.04.010
http://doi.org/10.3389/fbioe.2020.571192
http://doi.org/10.1590/1806-9282.66.2.216
http://doi.org/10.2174/1874325001004010152
http://doi.org/10.1111/j.1469-7580.2010.01302.x
http://www.ncbi.nlm.nih.gov/pubmed/21108526
http://doi.org/10.1097/00003086-199803000-00038
http://doi.org/10.1016/j.clinbiomech.2007.09.005
http://www.ncbi.nlm.nih.gov/pubmed/17964015

Biology 2022, 11,127 12 0of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.

53.

Wu, L. Nonlinear finite element analysis for musculoskeletal biomechanics of medial and lateral plantar longitudinal arch of
Virtual Chinese Human after plantar ligamentous structure failures. Clin. Biomech. 2007, 22, 221-229. [CrossRef]

Cheung, ].T.-M.; Zhang, M.; Leung, A.K.-L.; Fan, Y.-B. Three-dimensional finite element analysis of the foot during standing—A
material sensitivity study. J. Biomech. 2005, 38, 1045-1054. [CrossRef]

Gefen, A ; Megido-Ravid, M,; Itzchak, Y.; Arcan, M. Biomechanical analysis of the three-dimensional foot structure during gait:
A basic tool for clinical applications. J. Biomech. Eng. 2000, 122, 630—639. [CrossRef]

Nakamura, S.; Crowninshield, R.D.; Cooper, R.R. An analysis of soft tissue loading in the foot—A preliminary report. Bull.
Prosthet. Res. 1981, 10, 27-34.

Gu, Y.D,; Ren, X.J.; Li, ].S.; Lake, M.].; Zhang, Q.Y.; Zeng, Y.J. Computer simulation of stress distribution in the metatarsals at
different inversion landing angles using the finite element method. Int. Orthop. 2010, 34, 669-676. [CrossRef] [PubMed]

Zhang, Q.; Chon, T,; Zhang, Y.; Baker, ].S.; Gu, Y. Finite element analysis of the lumbar spine in adolescent idiopathic scoliosis
subjected to different loads. Comput. Biol. Med. 2021, 136, 104745. [CrossRef]

Xuan, R.; Yang, M.; Gao, Y.; Ren, S.; Li, J.; Yang, Z.; Song, Y.; Huang, X.H.; Teo, E.C.; Zhu, J.; et al. A Simulation Analysis of
Maternal Pelvic Floor Muscle. Int. |. Environ. Res. Public Health 2021, 18, 10821. [CrossRef] [PubMed]

Zhang, Y.; Awrejcewicz, J.; Baker, ].S.; Gu, Y. Cartilage Stiffness Effect on Foot Biomechanics of Chinese Bound Foot: A Finite
Element Analysis. Front. Physiol. 2018, 9, 1434. [CrossRef] [PubMed]

Bayod Lopez, J.; Becerro de Bengoa Vallejo, R.; Losa Iglesias, M.E.; Doblaré, M. Mechanical Stress Redistribution in the First
Metatarsal Bone After Autologous Bone Harvesting. J. Am. Podiatr. Med Assoc. 2017, 107, 497-510. [CrossRef] [PubMed]
Loépez-Lopez, D.; Larrainzar-Garijo, R.; De-Bengoa-Vallejo, R.B.; Losa-Iglesias, M.E.; Bayod-Lopez, J. Effectiveness of the Lapidus
plate system in foot surgery: A PRISMA compliant systematic review. Int. Wound J. 2021. [CrossRef]

Wang, M.; Li, S; Teo, E.C.; Fekete, G.; Gu, Y. The influence of heel height on strain variation of plantar fascia during high
heel shoes walking-combined musculoskeletal modeling and finite element analysis. Front. Bioeng. Biotechnol. 2021, 9, 791238.
[CrossRef]

Palomo-Lopez, P.; Losa-Iglesias, M.E.; Calvo-Lobo, C.; Rodriguez-Sanz, D.; Navarro-Flores, E.; Becerro-de-Bengoa-Vallejo, R.;
Lopez-Lopez, D. Fibularis tertius muscle in women & men: A surface anatomy cross-sectional study across countries. PLoS ONE
2019, 14, e0215118. [CrossRef]

Biz, C.; Fosser, M.; Dalmau-Pastor, M.; Corradin, M.; Roda, M.G.; Aldegheri, R.; Ruggieri, P. Functional and radiographic outcomes
of hallux valgus correction by mini-invasive surgery with Reverdin-Isham and Akin percutaneous osteotomies: A longitudinal
prospective study with a 48-month follow-up. J. Orthop. Surg. Res. 2016, 11, 157. [CrossRef]

Corless, ].R. A modification of the Mitchell procedure. ]. Bone Joint Surg. B 1976, 58, 138.

Johnson, K. Chevron osteotomy of the first metatarsal: Patient selection and technique. Contemp. Orthop. 1981, 3, 707-711.
Johnson, K.A.; Cofield, R.H.; Morrey, B.F. Chevron osteotomy for hallux valgus. Clin. Orthop. Relat. Res. 1979, 142, 44-47.
[CrossRef]

Austin, D.W,; Leventen, E.O. A new osteotomy for hallux valgus: A horizontally directed “V” displacement osteotomy of the
metatarsal head for hallux valgus and primus varus. Clin. Orthop. Relat. Res. 1981, 157, 25-30. [CrossRef]

Lewis, R].; Feffer, H.L. Modified chevron osteotomy of the first metatarsal. Clin. Orthop. Relat. Res. 1981, 157, 105-109. [CrossRef]
Hecht, PJ.; Lin, T.J. Hallux valgus. Med Clin. 2014, 98, 227-232. [CrossRef] [PubMed]

Sammarco, V.J.; Nichols, R. Orthotic management for disorders of the hallux. Foot Ankle Clin. 2005, 10, 191-209. [CrossRef]
[PubMed]

Jowett, C.R.; Bedi, H.S. Preliminary results and learning curve of the minimally invasive chevron akin operation for hallux valgus.
J. Foot Ankle Surg. 2017, 56, 445-452. [CrossRef] [PubMed]

Piqué-Vidal, C.; Solé, M.T.; Antich, J. Hallux valgus inheritance: Pedigree research in 350 patients with bunion deformity. J. Foot
Ankle Surg. 2007, 46, 149-154. [CrossRef]

Wong, D.W.-C.; Wang, Y.; Zhang, M.; Leung, A K.-L. Functional restoration and risk of non-union of the first metatarsocuneiform
arthrodesis for hallux valgus: A finite element approach. J. Biomech. 2015, 48, 3142-3148. [CrossRef]

Wong, D.W.-C.; Zhang, M.; Yu, ].; Leung, A K.-L. Biomechanics of first ray hypermobility: An investigation on joint force during
walking using finite element analysis. Med. Eng. Phys. 2014, 36, 1388-1393. [CrossRef]

Dempster, J.; Dutheil, F,; Ugbolue, U.C. The Prevalence of Lower Extremity Injuries in Running and Associated Risk Factors:
A Systematic Review. Phys. Act. Health 2021, 5, 133-145. [CrossRef]


http://doi.org/10.1016/j.clinbiomech.2006.09.009
http://doi.org/10.1016/j.jbiomech.2004.05.035
http://doi.org/10.1115/1.1318904
http://doi.org/10.1007/s00264-009-0856-4
http://www.ncbi.nlm.nih.gov/pubmed/19685241
http://doi.org/10.1016/j.compbiomed.2021.104745
http://doi.org/10.3390/ijerph182010821
http://www.ncbi.nlm.nih.gov/pubmed/34682566
http://doi.org/10.3389/fphys.2018.01434
http://www.ncbi.nlm.nih.gov/pubmed/30364272
http://doi.org/10.7547/16-030
http://www.ncbi.nlm.nih.gov/pubmed/29252028
http://doi.org/10.1111/iwj.13649
http://doi.org/10.3389/fbioe.2021.791238
http://doi.org/10.1371/journal.pone.0215118
http://doi.org/10.1186/s13018-016-0491-x
http://doi.org/10.1097/00003086-197907000-00007
http://doi.org/10.1097/00003086-198106000-00007
http://doi.org/10.1097/00003086-198106000-00018
http://doi.org/10.1016/j.mcna.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24559871
http://doi.org/10.1016/j.fcl.2004.09.003
http://www.ncbi.nlm.nih.gov/pubmed/15831266
http://doi.org/10.1053/j.jfas.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/28237566
http://doi.org/10.1053/j.jfas.2006.10.011
http://doi.org/10.1016/j.jbiomech.2015.07.013
http://doi.org/10.1016/j.medengphy.2014.03.004
http://doi.org/10.5334/paah.109

	Introduction 
	Materials and Methods 
	Data Acquisition 
	Model Construction 
	Boundary, Loading Conditions 
	Validation of the FE Models 

	Results 
	Model Building 
	Verification Result 
	The Stress of the Metatarsals 
	The Stress of the First Metatarsophalangeal Articular Cartilage 

	Discussion 
	Conclusions 
	References

