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Abstract

Background: Fencing is a highly asymmetrical combat sport, that imposes high mechanical demands over repeated
exposures on the musculoskeletal structures, a primary cause of injuries in fencers. However, there are limited epide-
miological studies on the structural injuries of the foot and ankle in fencers. This study aimed to investigate foot and
ankle structural injuries, and explore how metatarsophalangeal joint structural changes may affect the mechanisms of
foot and ankle injuries in asymptomatic fencers.

Methods: 3D images of foot and ankle morphology using computed tomography were obtained from ten elite fenc-
ers. We then constructed finite element models of the first metatarsophalangeal joint in the foot of their trail legs. The
validated models were used to simulate stress distribution changes from different ankle joint angles during lunging.

Results: The findings showed that stress distribution changes at the medial and lateral sesamoid may have caused
sesamoid fractures, and that habitual and concentrated stress on the metatarsal bones might have flattened the
sesamoid groove. This process may damage the integrity of the first metatarsophalangeal joint, and consequently
affect the efficiency of the windlass mechanism in fencers. During lunging, different ankle joint angles of the trail foot
increased the total stress difference of the medial and lateral foot, and thus influenced the lunging quality and its
stability.

Conclusions: Our findings revealed that the asymmetric nature of fencing might have caused asymptomatic foot
and ankle structural injuries, and finite element analysis results indicated that this might increase the incidence of the
serious injuries if unattended. Regular computed tomography examination should be introduced to monitor elite
fencers'lower limb alterations, permitting unique angle adjustments in the trail foot without sacrificing technical or
physiologic properties based on the exam results and reduce the lower limb injury risk.
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Background

Fencing is regarded as a highly asymmetrical combat
sport that requires a dominant side (fencing side) of body
for sparring and competition. Owing to its asymmetrical
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nature, fencing imposes high mechanical demands over
repeated exposures on the musculoskeletal structures,
which is recognised as the primary cause of injuries in
fencers [1]. Previous analyses have shown that the major-
ity of fencing injuries are chronic in nature [2], and expe-
rienced primarily in the lower extremities [3]; although
there is only limited epidemiological information con-
cerning structural injuries (SI) of the foot and ankle [2].
SI at the foot and ankle are classified as avulsion frac-
tures, stress fractures, and joint deformities [4, 5].

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom-
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13102-022-00444-y&domain=pdf

Lu et al. BMC Sports Science, Medicine and Rehabilitation (2022) 14:50

However, whilst epidemiological analyses have shown
that lower limb tendon structural alterations are com-
mon in asymptomatic fencers [5], most fencers were
importantly unaware that they had suffered from a foot
and ankle SI. Existing studies have shown that serious SIs
in fencing competitions are relatively uncommon, with
184 time-loss injuries reported during a 5-year study of
US national competitions, representing an overall rate of
0.3 per 1000 athlete exposures [2]. The results of a pro-
spective cohort investigation of university fencers found
that the injury rate in 1 year was 0.243%, of which ankle
injuries accounted for 25% of all injuries [6]. A study on
the risk of time-loss injuries found that the injury rate
of 85,686 participants was 0.028%, of which ankle sprain
was the most common one, with an incidence rate of
25.3% [7]. However, taking into account the experimental
approaches adopted by previous epidemiological analy-
ses using interview and questionnaire-based techniques
[2, 6], it can be postulated that the current epidemio-
logical literature base in fencing is insufficient [6]. Struc-
tural damages are typically assessed using X-ray [8], but
existing methods have not yielded reliable conclusions
because two-thirds of magnetic resonance imaging, com-
puted tomography (CT), nuclear medicine images were
not appropriately diagnosed [9], and because patients are
not able to remain in the same position at over multiple
examinations [10]. Three-dimensional (3D) reconstruc-
tion of CT scan can help observe the asymptomatic SI of
the foot and ankle by rotation, zooming, transparency or
by virtually removing some bony elements [11].

Finite element analysis (FEA) of human body structures
represents a widely adopted approach in biomechani-
cal studies, as it can derive indices of mechanical load-
ing at complex musculoskeletal structures during human
movement using computer processing techniques [12].
Li et al. developed and validated a specific finite element
model of foot designed to compare and study the stress
level and stress increase rate of the metatarsals of differ-
ent foot strike modalities during running [13]. Their find-
ings showed that when performing the same movement,
different loading conditions increased the strain level of
metatarsals for 20-30% [13]. FEA findings also showed
that the geometric changes caused variations in meta-
tarsal peak value of stress [14, 15]. These studies demon-
strate that FEA can examine the impact of injury on the
athlete’s loading condition and offer a reference for moni-
toring increase/decreases in injury risks.

The lunge is recognised as the main attacking mecha-
nism in competitive fencing; in which the athlete aligns
the lead foot with their opponent whilst maintaining
trail foot angulation to maintain a stable guard posi-
tion [16]. Studies in performance analysis have shown
that male fencers lunge once every 23.9 s during fencing
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competitions, which has attracted much attention from
researchers [16, 17]. The first metatarsophalangeal joint
(MTPY) of the trail foot is vital during movement in fenc-
ers, and almost all fencing footwork movements are initi-
ated at the first MTPJ; indicating that this joint and its
surrounding structures may be at high risk of chronic
pathologies [12]. During lunging, the ankle rotation
of the trail foot affects the average lunge velocity and
strength [18]. This foot displacement changes the direc-
tion of the ankle joint force. Therefore, finite element
analytical modelling of the first MTP] of the trail foot
during the fencing lunge may provide clinically meaning-
ful information regarding the biomechanical mechanisms
of asymptomatic foot and ankle SI induced by common
fencing movements. However, there is currently no exist-
ing finite element model capable of quantifying stress
loading of the first MTP] during the fencing lunge.

Our findings of asymptomatic SI from elite fencers’ CT
images led us to construct three FEA models for asymp-
tomatic injuries of distinct seriousness to assess how each
one influenced the elite fencers’ loading conditions, and
whether the asymptomatic injuries might add the risk of
other more serious pathologies.

Methods

Ethics

This study was approved by the Ethics Committee of
Fujian Normal University (FJNU20210059). All experi-
ments were performed in accordance with the universi-
ty’s set guidelines and regulations. All participants signed
an informed consent form to take part in this study.

Participants

This study recruited 10 elite fencers (Age:
23.1+3.36  vyears, Height: 183.24+649  cm,
Weight: 75.1+£10.76 kg, Competitive experience:

13.70+3.29 years) from the Provincial Men’s Fenc-
ing Team. Table 1 shows the general information of the
participants.

Procedure
This study was divided into two parts—imaging diagnosis
and FEA.

CT images (0.5 mm slices) of both ankles were col-
lected without loading in the anteroposterior position
from each participant using a CT scanner (Toshiba/
Aquilion ONE, Toshiba, Japan). We selected CT images
from three participants (P2, P3 and P7) with different
asymptomatic injuries, conducted FEA and validated it
by collecting their barefoot data during lunging on the
Zebris FDM gait analysis system.
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Table 1 Basic information of the participants

Fencers Fencing weapons  Age Years of experience in fencing Height Mass Dominant
competition (cm) (kg) hand

P1 Foil 22 12 178 68 Right

p2 Foil 28 17 185 72 Right

P3 Epee 18 8 178 64 Right

P4 Foil 23 13 180 67 Left

P5 Epee 24 15 197 103 Right

P6 Foil 26 18 184 75 Left

p7 Foil 23 13 175 75 Right

P8 Foil 17 9 191 75 Right

P9 Foil 23 14 178 68 Right

P10 Epee 27 18 186 84 Left

CT scan and 3D reconstruction of CT scan

The scan results were stored as DICOM files. To increase
resolution and precision, different fields of view of the
left and right feet were exported. A 3D foot arch with
standardized coordinate system was constructed in Mim-
ics (Mimics Research 17.0 for X64, Materialize, Leuven
Belgium) [19]. CT imaging was used to screen for par-
ticipants’ ankle SI and the results were recorded. Mim-
ics software used volume rendering to reproduce the
foot and ankle of fencers during scanning. Thresholding,
region growing, and morphology operations were used to
reconstruct the tibia, fibula, tarsus, metatarsals, and sesa-
moids of participants in Mimics. A previously described
method [20] was used to measure the curvature diameter

of the sesamoid groove (SG) of the first metatarsal bone
(Fig. 1).

We screened the imaging results, and selected the 3D
reconstructed finite element model consisting of the first
MTP]J, sesamoid, and medial cuneiform of the trail foot
(left foot) of Participant 2 (P2), 3 (P3), and 7 (P7), as P2
had a lateral sesamoid fracture, P3 had a medial sesamoid
fracture, and P7 had an intact MTPJ and sesamoid.

Finite element attributes

Geometric model

The finite element model and model composition was
shown in Fig. 2.

Fig. 1 Fractures of participants'first metatarsal medial and lateral grooves of sesamoids. A-J are fencers P1-P10, respectively
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Fig. 2 Composition of the finite element model. The joint capsule simulated the constraint of the ligament and soft tissue. The lateral constraint
simulated the constraints of the other metatarsal bones. The support platform simulated the support of the other components in the medial arch
on the MTPJ. The ground simulated the support provided by the ground on the MTPJ

Joint cartilage

Mesh and material attributes

To simplify the problem, the MTPJ] model was ideal-
ized as homogeneous, isotropic, and linearly elastic. In
Ansys workbench (Ansys 14.5, Ansys Inc., Canonsburg,
USA), automated manner was used to generate finite ele-
ment meshes. The complete element mesh involves about
80,000 nodes and 40,000 elements. Table 2 shows the ele-
ments and material attributes [21]. The MTPJ structures
of the three participants were used to simulate the stress
impact experienced by the front sole of the trail foot dur-
ing the lunge.

Loads and boundary conditions

To examine the effects of ankle joint angle during lunges
on the MTPJ [22], we simulated the loading on the MTP]
when the ankle joint angle ranged from 0° to 45° dur-
ing lunging. In the sagittal plane, an angle of 90° was
presented between the trail and lead foot; then, we set

Table 2 Elements and material attributes

the force direction of the MTPJ as 0°. When the angle
between the trail and lead foot was 45°, the force direc-
tion of the MTPJ was also 45°, i.e., the force direction of
the MTPJ] was the rotation angle of the ankle. Therefore,
we simplified the support of the medial arch on the MTP]
as a rectangle and the compression of the first metatarsal
bone by the other metatarsal bones was simplified as lat-
eral constraints.

Basic outcome measures

We extracted the maximum principal stress (Max-PS),
minimum principal stress (Min-PS) and total stress
(TS) from the FEA results and calculated the average
value and coefficient of variation (CV) of the stress dif-
ference (D-value) under the lateral and medial SG of the
first metatarsal bone. Principal stress was considered as
the gold standard to evaluate skeletal stress distribution.
It was a normal stress when the shear stress was nil in a

Poisson’s ratio Element size (mm) Element type

Component Young’s modulus (mpa)
Foot bone (support plate) 7300

Joint cartilage 1

Joint capsule (lateral restraint) 300

Ground 30,000

0.3 5 Tetrahedra
04 1 Tetrahedra
04 5 Tetrahedra
03 5 Brick
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specific region, which was used to evaluate the yielding
condition of uniaxial loading in the specific region [23].
TS referred to the total load in the specific region [24] to
evaluate the load transmission of bone geometric form.
CV indicated the variability of the metatarsal structure
under different angles of force loading, and it reflected
whether the metatarsal structure was affected by the
angle of force loading. D-value indicated the Max-PS
peak value difference between the lateral and medial ses-
amoid grooves, which was related to the sesamoid bone
injuries.

Validation of the finite element model

We selected three participants to validate the finite ele-
ment model as Table 3 shows that P2 and P3 had asymp-
tomatic injuries of the left and right sesamoid bone
of the first metatarsal in the trail foot, and P7 had no

Table 3 Participants'foot and ankle structural injuries
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asymptomatic injury to the sesamoid bone in the trail
foot. Each participant therefore represented a distinct
injury modality, facilitating our comparative analysis. We
conducted FEA and validated it by collecting P2, P3 and
P7’s barefoot gait data during lunging on the Zebris FDM
gait analysis system. They were asked to jog for five min-
utes and then to do five minutes of static stretching prior
to the test. As the testing was undertaken barefoot, they
were firstly required to use 75% alcohol to disinfect both
feet. The initial testing procedures were demonstrated by
the laboratory assistant. They stood on the force platform
facing the target. Participants were required to lunge
at their target with maximum effort and 3 trials were
recorded with a rest period of 1 min after each. After 3
trials, they were informed of their correct landing posi-
tion. Then, they stepped onto the gait analysis system
(Zebris Medical GmbH, Isny, Germany — 0.56 (W) x 6.08
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Key: Left/Right, left and right ankle; MS medial sesamoid; LS lateral sesamoid; CU cuboid; MC medial cuneiform; NA navicular; CA calcaneus; TA talus, FI fibula; T/ tibia. v/

fracture; ® absence
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(L) m). The platform operated at a sampling frequency
of 100 Hz, with a sensor density of 1.4 sensors/cm?. We
retrieved the plantar pressure distribution diagram and
the dynamic change process of the ground reaction force
and compared the results using the finite element model.

Results
The ankle posture and field size during CT scanning were
compared (Fig. 3).

3D reconstructions of participants’ tibia, fibula, tarsal,
metatarsal, and sesamoid were shown in Fig. 4.
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In this investigation, we examined the CT images
(Fig. 3) and 3D images (Fig. 4) of participants to obtain
clinical information regarding foot and ankle SI. The
reconstructed ankle structures were observed, and vari-
ous bone deformities were revealed, including those
from the tibia, fibula, talus, calcaneus, navicular, and
first metatarsal. There were 51 cases in total, of which
7 had a flattened lateral sesamoid at the first metatarsal
bone (i.e., the SG curvature diameter > 100 mm). Within
Mimics software, the 3D reconstructed tibia, fibula,
tarsus, metatarsus, and sesamoid were combined with
the reconstructed CT images at the axial, coronal, and

Fig. 3 Participants CT scanned foot posture. A-J refer to P1-P10, respectively. To improve the resolution and voxel isotropy of the cross-sectional
image [25], the fields of view of the left foot and right foot were set up and stored
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respectively

Fig. 4 Participants'tibia, fibula, tarsal, metatarsal, and sesamoid. A-J refer to P1-P10, respectively. As the postures of the participants during
scanning were different, coordinate system of bones on the ankle was standardized. ‘Right"and “Left" refer to the right and left ankle structure,

sagittal positions to examine foot and ankle SI in partici-
pants (See Figs. 5, 6, 7, 8). Ankle fractures and ablation in
Figs. 5, 6, 7, 8 were recorded. See Table 3 for details.

Figure 5 and Table 3 show 12 fractures at the tibia and
fibula in 7 participants, including avulsion fractures at
the anterior tibiofibular, interosseous tibiofibular, and
superior anterior talofibular ligament attachment points.
Figure 6 and Table 3 show 8 fractures at the talus in five
participants, all at the lateral process of the talus. One
participant developed bilateral fractures without osse-
ous connections. Figure 7 and Table 3 show 5 navicular
fractures from 4 participants, all at the spring ligament
complex, plantar cuneocuboid ligament, and plantar
calcaneocentral ligament attachment points [26]. In this
study, bilateral navicular fractures occurred in one par-
ticipant at the same time, which may be related to that
participant’s techniques. In addition, three cuboid avul-
sion fractures were observed in two participants and
one avulsion fracture at the naviculocuneiform ligament
attachment point on the medial cuneiform bone was
observed in one participant.

Figure 8 and Table 3 show 11 fractures and ablation at
the sesamoid from 7 participants. The medial and lat-
eral SGs of the first metatarsal bone affect the role of the
flexor hallucis brevis and flexor hallucis longus muscles
and determines the efficiency of the windlass mecha-
nism. Table 4 shows the SG curvature diameters in Fig. 1.

After the finite element models of the three fencers
were processed in Ansys, the effects of the medial and
lateral sesamoid and SGs on the efficiency of the first
MTP] were presented, i.e., the flexor pollicis brevis mus-
cle and the cuboid and proximal phalanx were connected

and passed through the SG of the first metatarsal bone.
Therefore, the parallel SGs changed their attachment
points. The non-parallel medial and lateral SGs increased
the eccentric force while the parallel medial and lateral
SGs decreased the eccentric force [20]. The Max-PS and
Min-PS peak difference between the medial and lateral
sesamoids and the TS difference (lateral minus medial)
were recorded and analysed and the results were shown
in Table 5.

The stress distribution at the sole during lunging for
three fencers were measured by Zebris FDM gait analy-
sis system. The stress at the medial anterior foot was
93.3+44.1 N, 260.7+18.4 N, and 179.44+32.6 N, respec-
tively, which was close to the FEA results.

Discussion

The aim of this investigation was to screen and diagnose
asymptomatic ankle SI in fencers by using CT images and
3D reconstructions. Finite element models were gener-
ated to estimate the influence of each injury on the elite
fencers’ loading conditions and to provide evidence as
to whether the asymptomatic injury would increase the
risk of serious injuries. An investigation of this nature
therefore adds to the current literature base in fencing by
providing important clinical information regarding injury
evaluation and prediction of fencers.

Research in young athletes has shown that asymp-
tomatic foot radionuclide bone imaging abnormalities
and diffuse tibia abnormalities were common, and that
asymptomatic lower limb abnormalities accounted for
about 34% of injuries [27]. MRI observations of the
tibia in 21 elite college long-distance runners shows
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Fig. 5 Fractures of participants'fibula and tibia. A P1 left fibula. B P1 right fibula. C P3 right fibula. D P5 left fibula. E P5 right fibula. F P6 left tibia. G
P6 right tibia. H P7 right fibula. I P8 left tibia. J P8 right tibia. K P10 left

signs of 43% of tibial stress reaction [28]. MRI find- hip or groin [29]. Imaging diagnosis revealed that the
ings showed a 77% (i.e., 30 out of 39) asymptomatic frequency of foot and ankle injuries in fencers is much
hockey players with pathological abnormalities in the higher than expected as almost all participants showed

different levels of SI (Table 3). Caution should be paid
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Fig. 6 Fractures of participants'calcaneus and talus. A P1 left talus. B P2 right calcaneus. C P2 left calcaneus. D P2 left talus. E P4 right talus. F P4 left
talus. G P5 right calcaneus. H P5 right calcaneus. | P7 left talus. J P7 right talus. K P10 left talus. L P10 right talus

to interpret the association between these findings and  stress, which are not evenly distributed [4], leading to
the future severe sports injuries [29]. a high frequency of foot and ankle SI. Importantly, the

Higher ankle joint angles in lunges make the ankle anterior tibiofibular and interosseous tibiofibular liga-
experience high-energy axial, rotational, and horizontal =~ ment are part of the distal tibiofibular syndesmosis [30]
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Fig. 7 Fractures of participants' cuboid, cuneiform, and navicular. A P2 right cuboid. B P2 right navicular. C P4 right navicular. D P7 left medial
cuneiform. E P7 left navicular. F P10 left cuboid. G P10 left navicular. H P10 right cuboid. I P10 right navicular

and avulsion fracture decreases the stability of the dis-
tal tibia and fibula. The lateral process of the talus is not
only the attachment point for the posterior talofibular
ligament, but also a partial attachment point for the
support belt of the flexor hallucis longus. The posterior
talofibular and the talofibular ligament jointly stabi-
lize the ankle joint [31]. Ligamentous laxity may fur-
ther lead to ankle joint instability and increase the risk
of sports injuries [32], such as tarsal fractures. Indeed,
Table 3 and Fig. 1 showed that participants had 5 other
tarsal fractures in addition to talus fractures. Although

unable to determine the sequence of fractures, our
observations confirm that decreased ankle joint stabil-
ity increases the risk of fractures in other tarsi. The dor-
siflexion of the trail foot and strike pattern of the trail
foot in lunges [17] were shown to increase the risk of
fractures at the lateral process of the talus. Fractures at
the lateral process of talus were observed in both feet
in 3 participants. In addition, 2 participants had bilat-
eral avulsion fractures at the calcaneonavicular liga-
ment and calcaneocuboid ligament attachment points.
Fractures at the spring ligament complex, plantar
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Coronal

Sagittal

Fig. 8 Fractures and ablation of participants’sesamoid. A P1 left lateral sesamoid. B P1 right lateral sesamoid. C P2 left lateral sesamoid. D P2 right
median sesamoid. E P2 right lateral sesamoid. F P3 left median sesamoid. G P3 right median sesamoid. H P5 right median sesamoid. I P6 right
median sesamoid. J P8 left median sesamoid. K P9 left median sesamoid
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Table 4 Participants' curvature diameters of the first metatarsal
grooves for sesamoids and their postures

M-G L-G
Ex. (°) Di. (mm) Ex. (°) Di.(mm)

P1

Left 0.5 18.15 0.0 29.10

Right —05 10.32 —-1.0 55.87
P2

Left -10 443 0.0 Flat

Right —-20 441 0.0 Flat
P3

Left —15 1.60 1.0 16.48

Right 2.5 3.80 00 18.18
P4

Left -10 7.09 1.0 4.86

Right —05 7.03 00 7.58
P5

Left 0.0 8.25 1.5 27.69

Right 1.0 14.44 0.5 40.34
P6

Left -20 540 —05 7.83

Right 0.0 6.20 2.5 18.65
p7

Left 0.5 9.59 0.0 Flat

Right 0.0 7.09 0.0 Flat
P8

Left 0.5 34.29 20 23.16

Right 0.0 12.03 0.5 13.16
P9

Left —-05 83.06 0.0 Flat

Right —-20 839 0.0 Flat
P10

Left —-20 732 1.5 31.28

Right 20 354 0.0 Flat

cuneocuboid ligament, and plantar calcaneocentral
ligament attachment points in the trail foot may be
related to the dorsiflexion movement of the trail foot in
lunges, while fractures at the lead foot may be related
to the retraction movement in lunges [1].

Figures 5 and 8 as well as Table 4 show that struc-
tural fractures were present at the sesamoid of the left
leg in 6 participants and of the lead foot in 2 partici-
pants. Among 20 feet, 9 sesamoid fractures and 7 flat
lateral SGs were observed, resulting in SG and ridge
ablation. The sesamoid and first metatarsal bone are the
framework parts of the MTP]. The morphology of the
medial and lateral sesamoids and the SGs determines
the contraction results of the flexor hallucis longus and
flexor hallucis brevis muscles [33]. Therefore, sesamoid
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fractures, SG and ridge ablation weaken the windlass
efficiency of the first MTP] [31]. Sesamoid fractures at
the trail foot may be associated with dorsiflexion move-
ments of the trail foot whilst sesamoid fractures at the
lead foot may be related to the retraction movements
during the lunge [17]. The medial and lateral sesamoids
are components of the first MTPJ, and thus essential to
the function of MTPJ [34]. We found that since sesa-
moid had one of the highest injury incidences for fenc-
ers, it should be included as an occupational injury for
the elite fencers.

By combining with imaging diagnosis results, P2 was
found to have a flat lateral SG (Table 4). A flat SG lacks
geometric constraints to the sesamoid, impairs the con-
traction of the flexor hallucis brevis muscles, reduces
the efficiency of the propulsive force, and thus increases
the risk of injury or lesion of the first MTF] (e.g., hal-
lux valgus). Therefore, the high principal stress of the
medial SG caused a medial sesamoid fracture in P2
(Table 3). Typically, the risk of medial sesamoid fracture
is higher, due to the strong impact on the MTP] when
the trail foot lunges. On the other hand, the increase
of ankle joint angle in the sagittal plane enlarges TS
difference between the medial and lateral SGs. These
asymmetric changes to the Max-PS and TS increase the
risk of avulsion fractures [35], so multiple ankle inju-
ries are observed in the left foot of P2 (Table 3). The
medial sesamoid fracture in P2 brings greater TS to the
lateral SG, and the Max-PS and Min-PS of the medial
and lateral sesamoids also becomes greater, generating
great tension to the ligaments and muscles of the first
MTPJ [35]. Tension generated by the dorsiflexed posi-
tion of the foot and the limitation of ankle joint rota-
tion increases the risk of foot varus, affecting the tibia
and fibula by a torsional moment while pulling to the
meniscus. Because the meniscus inside the knee joint
capsule is thin in the middle and thick in the edge,
when the knee joint extends backward, the thicker edge
of the meniscus is in the knee joint cavity, reducing the
range of motion in it, leading to unavoidable friction.
So, foot varus can trigger injury to multiple ligaments
(e.g., anterior talofibular ligament) and tendons (e.g.,
Achilles tendon) or even to the meniscus.

P3’s Max-PS of the medial and lateral sesamoids are
very high, maybe resulting from his smallest curvature
diameter of the medial and lateral sesamoids among the
selected three participants. Also, his medial sesamoid
groove leans to the lateral side (Table 4,—1.5°). The
medial sesamoid groove does not parallel much with the
lateral one, considerably affecting the MTP] angle to load
force. During the propulsion phase of the lunge, power
is generated by the ankle plantar flexors and knee/hip
extensors of the trail leg.
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Table 5 Max-PS, Min-PS and TS differences of the SG of the participants'first metatarsals

Rotation (°) D-value of Max-PS (mpa)

D-value of Min-PS (mpa)

D-value of TS (n)

P2 P3 P7 P2 P3 P7 P2 P3 P7
0 0.1584 0.1714 0.0036 0.3442 0.1584 0.0032 350 475 38.33
5 0.1599 0.1482 0.0089 0.3554 0.1599 0.0092 437 8.59 39.75
10 0.1619 0.1201 0.0120 0.3518 0.1619 0.0576 5.19 12.33 40.92
15 0.1598 0.1000 0.0179 0.3691 0.1598 0.0985 597 15.89 41.82
20 0.1591 0.0758 0.0206 0.3871 0.1591 0.0749 6.69 19.23 4247
25 0.1625 0.0560 0.0216 0.3751 0.1625 0.0776 7.34 22.32 42.87
30 0.1555 0.0380 0.0252 0.3892 0.1555 0.0801 792 2512 43.06
35 0.1505 0.0209 0.0291 0.3927 0.1505 0.0784 844 27.64 43.06
40 0.1465 —0.0046 0.0320 0.3883 0.1465 0.0886 8.89 29.90 4291
45 0.1405 —0.0181 0.0332 0.3967 0.1405 0.0852 9.29 31.88 42.65
Average 0.1554 0.0708 0.0204 0.3749 0.1554 0.0653 6.76 19.77 4178
cv 4.46% 85.72% 46.16% 4.78% 4.46% 47.76% 27.63% 44.33% 3.69%

Key Rotation: ankle joint angle in lunge. Max-PS the maximum principal stress peak difference at the medial and lateral sesamoid in the trail foot in lunge; Min-PS the
minimum principal stress peak difference at the medial and lateral sesamoid in the trail foot in lunge. Total stress: the TS difference between the medial and lateral

sesamoids in the trail foot in lunge

Lunge can be successfully performed by stepping the
fore foot and extending the rear foot, generating more
hip flexion force [36]. Once the trail foot passes in front
of the lead foot, the thrust-absorption cycle is repeated
with a reversal of the power and of absorption of the
lower limbs [37]. The overly high CV of P3 indicates a
high risk of the above-mentioned injury in future training
and competition, especially when using a lunge technique
with a larger ankle angle. P7’s mean TS difference and CV
between the medial and lateral sesamoids are kept at a
stable level —41.78 N and 3.69%, respectively (Table 5).
When the ankle joint angle changes, the principal stress
peak at the medial SG is usually higher than that at the
lateral SG, while the TS value gives the opposite results,
suggesting that the risk of stress fractures on the medial
sesamoid increases when the rotation angle of the ankle
joint is too wide in lunges.

Different types of MTP] structures have different stress
distribution characteristics, which were all affected by an
increased ankle joint angle, leading to instability at the
ankle itself [1]. These observations should attract atten-
tion from fencers because foot and ankle SI reduce the
stability of the lower limb and might cause more injuries
to the foot and ankle or even the knee and waist. There
are many tactical and technical decisions that affect how
the lunge is executed [18], but an excessively large trail
foot angle will not optimally generate force or speed.
Therefore, fencers should seek to reduce the rotation
angle of the ankle joint at the trail foot in lunges as long
as the quality of performance can be maintained.

A limitation of this study is that it is a cross-sectional
analysis. Future longitudinal follow-up investigations

concerning symptom development of these fencers
should be conducted to prove the predictive function
of the asymptomatic foot and ankle SI. Identifying the
kinematic and kinetic characteristics of different asymp-
tomatic ankle SI of participants may have potential in
distinguishing asymptomatic ankle SI, so the symptom
development of athletes can be monitored by routine
biomechanical analyses.

This study utilized a simplified FEA whereby the per-
formance of soft tissues was not considered, which may
reduce the applicability of this model. For instance, we
cannot estimate plantar pressure, nor the stress variation
caused by different metatarsal bones’ geometric shape
to the soft tissues. Also, our finite element model was
designed based on single subject, even though the geo-
metric model was normalized to assume bone structure
to be the only difference, the results could not represent
target population of different age, weight and bone mass
characteristics.

Conclusions

In this study, none of our participants had serious foot
or ankle injury, but imaging analysis revealed different
deformities. These asymptomatic foot and ankle SI may
affect the work efficiency of muscles or the stability of
the foot and ankle. Furthermore, FEA demonstrated
that damaged structures of the MTP] changed the
mechanical environment of lunges and might lead to
avulsion fractures and stress fracture, increased ankle
joint angle in the trail foot may further increase these
risks. We propose that asymptomatic foot and ankle SI
can lead to more frequent or more severe lower limb
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injury in athletes, where coaches and athletes should
be alert. Fencers can consciously control their rota-
tion angle of the trail foot in lunges to decrease the risk
of MTPJ injury. Asymptomatic foot and ankle SI were
occupational pathologies to the fencers, and the accu-
mulation of such SI may change the biomechanical fea-
tures of the fencers’ foot and ankle. FEA results indicate
that more severe injuries might follow with a higher
incidence rate. How to accurately diagnose SI should
be a scientific problem to be solved by more follow-up
clinical studies. Regular monitoring can successfully
evaluate and predict the injury risk and that foot and
ankle SI may be prevented with the help of biomechani-
cal principles and instruments.
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