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This study explored how systematic changes in running shoe degradation and foot inversion alter the distribution
and peak value of heel pressure and calcaneus stress, as well as the total stress-concentration exposure (TSCE)
within the calcaneal bone. A foot-shoe finite element model was employed and three shoe wear conditions (new
shoe (CON), moderate worn shoe (MWSC), excessive worn shoe (EWSC)) coupled with three foot inversion
angles (0°, 10°, 20°) were further modulated. Simulations were conducted at the impact peak instant during
running. Compared to CONO, heel pressure during neutral landings shifted medially and increased with pro-
gressive shoe wear, peaking under EWSCO. This shift expanded the high-pressure area by 1.333 cm? and raised
peak pressure by 24.42 %. Foot inversion landings exhibited an opposite trend: increased shoe wear promoted
balanced pressure distribution, centralizing the load and eliminating high-pressure areas under EWSC10, where
peak pressure was 11.36 % lower than CON10. Calcaneus stress during neutral landings, initially concentrated on
the medial calcaneal surface and inferior tuberosity, intensified with wear, expanding high-stress area by 5.276
em? and increasing peak stress by 22.79 % under EWSCO. For foot inversion, the high-stress region shifted to the
inferior tuberosity, with wear reducing peak stress by 10.41 % and eliminating high-stress area in EWSC10
compared to CON10. TSCE analysis revealed that EWSC10 had the lowest stress exposure (0 %kPa) across all
conditions. Worn-out shoes would exacerbate heel internal biomechanics, while these effects may be mitigated
by foot inversion, likely due to the formation of a relatively flat and larger contact area between the lateral sole
and the ground.

Foot biomechanics
Finite element analysis

1. Introduction

Selecting appropriate footwear for running is crucial, as well-
designed shoes can help absorb external forces upon ground impact,
potentially reducing the risk of injury (Hamill and Bates, 2023; Lin et al.,
2022). However, prolonged use inevitably leads to wear on the shoe
sole, primarily manifesting as lateral heel degradation, which is the most
common wear pattern (Sole et al., 2014). As this degradation progresses
over time, it can lead to increased stiffness and decreased thickness in
specific areas, adversely affecting running biomechanics (Kong et al.,
2009). Thus, understanding the biomechanical implications of shoe
wear is important for safe running.
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While previous research has explored the biomechanical effects of
shoe degradation, the focus has predominantly been on external factors.
For instance, compared to new shoes, worn shoes were found to reduce
balance control due to the narrower sole base (S.F. Chen et al., 2023;
Chen et al., 2022). During running, the heel plays an important role in
managing kinetic energy upon impact, providing essential cushioning
for the lower extremities (Li et al., 2022). However, overuse injuries may
occur when repetitive loads on heel structure exceed its recovery and
remodeling capacity (Mai et al., 2023). Notably, the lateral heel typi-
cally contacts the ground first, reflecting foot inversion during the strike
phase (Dugan and Bhat, 2005). Degradation in this area may prolong
and intensify the inversion, leading to less stable contact and potentially
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increasing the risk of overuse injuries (Finestone et al., 2012). Consid-
ering that approximately 90 % of recreational runners adopt a rearfoot-
strike(RFS) pattern (Larson et al., 2011), it is essential to investigate the
internal biomechanical responses of the heel, particularly concerning
shoe deterioration and foot inversion, to gain further insights.

In recent decades, finite element(FE) modeling has been increasingly
used to study the impact of shoe design on underlying bony structures
(Cenetal., 2023; Song et al., 2024, 2023, 2022b). Even-Tzur et al.(2006)
initiated the investigation of worn shoes using the FE method and
revealed that reduced sole thickness from wear noticeably increased
heel pad stress. However, their analysis did not consider shoe degra-
dation patterns or foot inversion, potentially limiting its practical rele-
vance. Meanwhile, most previous foot-shoe FE studies have relied solely
on peak stress as a primary metric, which can be misleading as node-
based stress calculations do not adequately represent stress distribu-
tion across the tissue volume (Fontanella et al., 2013; Yang et al., 2022).
Total stress-concentration exposure(TSCE) criteria can serve as a
necessary complement as it stands for cumulative amount of stress
within the overall region (Katzengold and Gefen, 2019), thereby can
offer more details of tissue response characteristics under different shoe
wear conditions.

Therefore, the study aim was to explore the influence of simulated
shoe degradation and foot inversion on heel plantar pressure and
calcaneus stress characteristics at the impact instant during RFS
running. We assumed that shoe degradation would result in increased
heel pressure and stress concentration in the calcaneus due to reduced
sole thickness and uneven sole support. We also hypothesized that foot
inversion would further increase the load on the heel, as the altered foot
positioning may compromise plantar stability.

2. Methods
2.1. Participant

Given the inherent complexity of the foot-shoe FE model, a single-
case design was employed. A participant deemed reasonably represen-
tative of recreational runners was selected-a habitual rearfoot strike
runner(male, 28 years old, 175 cm in height, and 70 kg in mass) with
five years of running experience. The participant reported no musculo-
skeletal injuries six months before the experiment and provided written
consent. This study was conducted in accordance with the Declaration of
Helsinki and approved by the ethical committee of the Hong Kong
Polytechnic University(HSEARS20240222003).

2.2. Model construction

The model construction details have been reported in our previous
studies (Song et al., 2023, 2022a). In brief, we first acquired CT images
(1.5 mm slice interval) of the participant’s right foot(wearing the shoe)
in a neutral position. Then these DICOM data were segmented using
Mimic(Materialise, Leuven, Belgium) to extract 3D geometries of the
foot bones, soft tissues, and shoe. Finally, these geometries were
smoothed using Geomagic Wrap(3D Systems, SC, USA) and imported
into SolidWorks(Dassault Systemes, Paris, France) to construct the
coupled model. To retain the basic biomechanical features necessary for
addressing the research questions while minimizing model complexity,
we included only the posterior half of the model, consisting of the heel
bones(calcaneus, talus, distal aspect of the tibia and fibula) and carti-
lages, soft tissue of the heel, as well as the corresponding upper and sole
of the shoe. This approach has been previously employed to strike a
balance between model fidelity and computational efficiency (Shaulian
et al., 2021).

A widely available running shoe was selected as the reference for the
shoe model(heel-to-toe drop: 8 mm). The area of lateral heel degrada-
tion was determined using Saito et al.(2007) recommendations as the
area between the maximum worn width in the medial-lateral direction
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(D1 on Fig. 1A), maximum worn length in the anterior-posterior direc-
tion(D2 on Fig. 1A), and maximum worn thickness in the vertical di-
rection(D3 on Fig. 1B). Accordingly, three different worn conditions at
the heel portion were created in SolidWorks (Fig. 1C), 1) New shoe
control condition(CON): no wear at the lateral heel portion; 2) Moderate
worn shoe condition(MWSC): wear 48.75 mm in width, 52.5 mm in
length, and 9 mm in thickness at the lateral heel portion; 3) Excessive
worn shoe condition(EWSC): wear 65 mm in width, 70 mm in length,
and 12 mm in thickness at the lateral heel portion. Besides, we estab-
lished heel strike at specific foot inversion angles of 0°, 10°, and 20°,
following the settings outlined by Gu et al.(2010) and supported by
established biomechanical evidence of heel inversion angles during RFS
running (Breine et al., 2017; Mei et al., 2019). In this way, we have 9
foot-shoe combinations in our FE simulation.

All materials assigned to the foot-shoe complex were modeled as
homogeneous, isotropic, and linearly elastic (Table 1), which has been
shown to provide a reasonable approximation of tissue behavior under
running conditions (Zhou et al., 2024). This simplification enabled a
more focused analysis of the biomechanical interactions between the
heel and shoe without introducing excessive computational complexity,
making it particularly effective for evaluating multiple conditions (Zhou
et al., 2024). Given the limited data on changes of shoe sole material
properties with wear, the Young’s modulus of sole was increased by 25
% from the baseline to simulate wear conditions (Even-Tzur et al.,
2006). Consisted with previous findings, changes in sole material
properties had relatively less influence on heel pressure and calcaneal
stress compared to geometrical changes(Supplementary text) (Even-
Tzur et al., 2006). A global element size of 3.5 mm was used for the
bones, while a 5.0 mm element size for the soft tissue, shoe, and plate(T.
L.W. Chen et al., 2023; Wong et al., 2021). Localized mesh refinement
was conducted in regions with intricate geometries and the heel impact
area. To ensure model accuracy, a mesh convergence analysis was
conducted using heel plantar pressure results at running impact. The
global mesh size was adjusted by 10 % for each simulation iteration until
the deviations in the outcome parameters were reduced to less than 5 %
(Henninger et al., 2010). The results of the mesh convergence test
indicated changes in pressure values of 1.70 % and 1.89 % compared to
the previous and subsequent mesh size modifications, respectively.

2.3. Boundary and loading conditions

The boundary and loading conditions were acquired from the
running experiment. The participant was required to complete 3 RFS
trials at a speed of 3.33 m/s on a 10-meter runway while wearing the
new running shoe. As shown in Fig. 2A, foot movements were tracked at
200 Hz using a Vicon motion capture system(Oxford Metrics Ltd., Ox-
ford, UK), while an AMTI force platform(Advance Mechanical Tech-
nology Inc., NY, USA) synchronously recorded the ground reaction force
(GRF) data at 1000 Hz. The trial that most closely matched the target
speed and where the step landed within the force plate was selected for
analysis. During the experiment, we also measured the heel plantar
pressure data across three shoe conditions using a Pedar insole system
(Novel GmbH, Munich, Germany) for model validation.

The running kinematics and kinetics at the impact peak instant(the
1st peak GRF, Fig. 2B), including foot strike angle, ankle joint moment,
ankle joint reaction force, and vertical GRF, were calculated in OpenSim
(SimTK, Stanford, USA) for FE analyses. As shown in Fig. 2B, the su-
perior surfaces of the tibia, fibula, and soft tissue as well as the shoe
upper tongue, were fully fixed. The angle between the model and plate
was then rotated to approximately 15° dorsiflexion in the sagittal plane
to simulate the foot position at the heel impact peak instant. Subse-
quently, the estimated Achilles tendon force(731 N) was applied to the
dorsal surface of the calcaneus, and the estimated ankle joint contact
force(1185 N) was applied to the superior surface of the talus to
represent the landing inertia force. Finally, distinct displacement loads
were iteratively applied to the plate towards the model for each
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Fig. 1. Schematic diagram of lateral-heel-worn shoe conditions, A) Bottom view; B) Rear view; C) Hems for measurement of wear. Note: New shoe control condition:
CON; Moderate worn shoe condition: MWSC; Excessive worn shoe condition: EWSC; Lateral worn point: P1; Medial worn point: P2; Maximum worn point: P3;
Perpendicular distance between P1 and P2: D1; Perpendicular distance between P1 and heel center: D2; Perpendicular distance between P3 and heel center: D3.

Table 1
Element types and material properties for the foot-shoe model components.

Model Element type Young’s Poisson’s ~ Mass density p
component modulus ratio v (kg/m>)
E (MPa)

Bone Tetrahedral 7300 0.30 1500
solid

Cartilage Tetrahedral 1 0.40 1050
solid

Soft tissue Tetrahedral 1.15 0.49 937
solid

Shoe upper Tetrahedral 11.76 0.35 9400
solid

Shoe sole Tetrahedral 2.739 0.35 2300
solid

Ground plate Hexahedral 17,000 0.10 5000
solid

condition until the simulated force reached the same GRF value ob-
tained from the running trials(1089 N). The coefficient of friction be-
tween the foot and shoe, as well as between the shoe and ground plate,
was set to 0.6 (Song et al., 2023; Yang et al., 2022).

2.4. Model validation and outcome measures

The foot-shoe FE model has been validated by comparing the pre-
dicted pressure with measurements in our previous studies (Song et al.,
2023, 2022a). In brief, the Intraclass Correlation Coefficient(ICC)
analysis demonstrated excellent concordance between experiments and
predictions(ICC score = 0.97; £95 %CI: 0.93-0.99), and the Bland-

Altman plot showed a mean offset of 2.4 kPa, which was not statisti-
cally significant(p = 0.71). In this study, the predicted heel pressure
during running across three shoe conditions were compared with the
measured data (Fig. 3A). The observed 7.2 %-9.1 % peak value differ-
ence could be attributed to simplifications in material properties and
boundary/loading conditions that were made in the model (Fig. 3B).
This difference raises some concerns about the external validity of the
model, but less than 10 % variability can be considered a fair enough
model according to previous reports (Wang et al., 2018; Wong et al.,
2015; Malakoutikhah et al., 2022).

For each analysis, we examined the distribution and magnitudes of
heel contact pressure and von Mises stress on the calcaneus. The com-
parison of peak values and the surface area of the top quartile was
conducted across the 9 conditions. The TSCE is defined as the area under
the stress volumetric exposure curve. We focused on the top quartile of
the stress range to evaluate calcaneus exposure to high stress
(Katzengold and Gefen, 2019). The volumetric exposure of the calcaneus
to von Mises stress was determined by integrating stress values across all
calcaneus elements.

3. Results
3.1. Plantar pressure

Distinct trends in pressure distribution and magnitudes were
observed as shoes became more worn, depending on the foot inversion
angles. In the neutral position(0°), pressure was initially concentrated in
the central heel region. As shoe wear increased, the high-pressure area
shifted slightly toward the medial heel region and expanded, with its
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Fig. 3. Comparison of plantar pressure between FE predictions and experimental measurements under different shoe wear conditions for validation. A) lateral-heel-
worn shoes used in plantar pressure measurement; B) validation results under different shoe wears conditions.

size increasing by 1 cm? in MWSCO and 1.333 cm? in EWSCO compared was simulated with 10° or 20° inversion, the pressure distribution and
to CONO (Fig. 4A1). The peak pressure reached its highest in EWSCO, magnitudes exhibited opposite trends compared to the neutral position.
showing a 24.42 % increase relative to CONO (Fig. 4B1). When landing Increased shoe wear resulted in a more even pressure distribution, with
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the lowest peak pressure recorded in EWSC10, 11.36 % lower than
CON10 (Fig. 4B2). Under CON10, the pressure shifted to the lateral heel
region, whereas under MWSC10 and EWSC10, it gradually redistributed
toward the central region with no high-pressure area noted in EWSC10
(Fig. 4A2). The MWSC20 and EWSC20 conditions also decreased the
heel peak pressure to 2.16 % and 9.35 % less than CON20, respectively
(Fig. 4B3). Despite the reduction in the high-pressure area in these two
conditions relative to CON20, no trend was observed indicating a return
of pressure to the central region, as was seen in EWSC10 (Fig. 4A3).

3.2. Bone stress

A comparison of bone stress distribution and magnitude also sug-
gested noticeable combined effects of shoe wear and foot inversion.
During a neutral foot strike(0°), von Mises stress was concentrated along
the medial calcaneal surface and inferior calcaneal tuberosity. Increased
shoe wear resulted in larger high-stress areas by 2.772 cm? in MWSCO
and 5.376 cm® in EWSCO compared to CONO (Fig. 5Al).

Correspondingly, peak stress increased by 9.55 % in MWSCO and 22.79
% in EWSCO (Fig. 5B1). During 10° and 20° foot inversions, the high-
stress region shifted to the inferior calcaneal tubercle, with opposing
stress effects observed as shoe wear increased. In MWSC10, increased
shoe wear reduced the high-stress area by 0.126 cm?, and in EWSC10,
the high-stress area was absent(0 cmz) compared to CON10 (Fig. 5A2).
Meanwhile, peak stress decreased by 3.72 % in MWSC10 and by 10.41 %
in EWSC10 (Fig. 5B2), with the latter showing the lowest peak stress
among all conditions. In MWSC20 and EWSC20, reductions in the high-
stress area were also observed, with decreases of 0.378 cm? and 0.609
cm?, respectively, compared to CON20 (Fig. 5A3). Peak stress decreased
by 10.04 % in MWSC20 and by 14.24 % in EWSC20 (Fig. 5B3).
Consistent with the above findings, a comparison of stress exposure
on the calcaneus across the models showed a similar trend. Approxi-
mately 90 % of the cumulative stress exposure on the calcaneus was
concentrated within the 0-1 MPa range (Fig. 6A1, B1, C1). Further
calculations of TSCE for the highest quartile of the stress range revealed
a noticeable increase during neutral foot landings(0°) with shoe wear,
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reaching 76.19 %kPa in MWSCO and 217.09 %kPa in EWSCO (Fig. 6A2).
Conversely, under inversion conditions(10° and 20°), TSCE exhibited a
decreasing trend with increased shoe wear. The TSCE decreased to 0.92
%kPa in MWSC10 and to 0 %kPa in EWSC10 compared to CON10
(Fig. 6B2), with the latter being the lowest among all conditions. In
MWSC20 and EWSC20, the TSCE decreased to 2.48 %kPa and 0.47 %
kPa, respectively, compared to CON20 (Fig. 6C2).

4. Discussion

While the effect of shoe wear on lower limb biomechanics has been
investigated, to the best of our knowledge, this is the first computational
simulation to explore the influence of shoe degradation and foot
inversion angle on the internal biomechanics of the heel region during
RFS running. In this analysis, we assessed the impact of three distinct
shoe wear conditions coupled with three different degrees of foot

inversion on the distribution and peak value of heel plantar pressure,
calcaneus von Mises stress, and the TSCE within the calcaneus bone.
Plantar pressure analysis is a commonly used method to examine
foot-shoe interactions during running (Mann et al., 2016). Consistent
with our first hypothesis, we observed a noticeable increase in both
high-pressure area and peak pressure with the progression of lateral sole
wear during neutral position landings. Notably, EWSCO exhibited the
highest values when compared to CONO (Fig. 4A1, B1). This trend aligns
with the findings of Even-Tzur et al.,(2006), who reported a 19 % in-
crease in peak heel pad load during running with a 50 % reduction in
sole thickness. Their analysis further indicated that changes in material
stiffness due to shoe wear had minimal impact on plantar loading, with
reduced thickness being the primary factor contributing to increased
load. Our study extends these findings by incorporating lateral wear
patterns into the analysis of thickness reduction, which offers a more
realistic representation of shoe wear (Saito et al., 2007). Lateral wear
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can compromise the plantar support surface, resulting in reduced sole
thickness as well as an asymmetrical and unstable contact base (S.F.
Chen et al., 2023; Chen et al., 2022; Saito et al., 2007). Collectively,
these factors suggest that the increased peak pressure observed in our
study may be attributable to the combined effects of an unstable off-
loading surface and reduced sole thickness. This combination likely
explains the medial shift of the high-pressure “spot” observed under
EWSCO (Fig. 4A1).

Contrary to our second hypothesis, plantar pressure analysis during
foot inversion landings showed a different trend. Despite reduced
thickness and increased stiffness by shoe wear, lateral heel degradation
did not elevate plantar pressure in the heel. Instead, a relatively uniform
pressure distribution was observed, particularly under EWSC10, where

peak plantar pressure was reduced by 11.36 % and high-pressure areas
were absent compared to CON10 (Fig. 4A2, B2). The observed pressure
reduction effect may seem counter-intuitive, given that inappropriate,
worn-out shoes has been postulated as a cause for injuries (Kong et al.,
2009; Saito et al., 2007). However, these findings align with previous
pressure measurement studies. For example, Rethnam and Makwana
(2011) reported that worn running shoes, with an average use of 120.5
weeks, exhibited lower mean peak pressures compared to new shoes.
Furthermore, Cornwall and McPoil (2017) analyzed heel-strike runners
and found that, after 600 km of use, worn running shoes showed a sig-
nificant reduction in both the plantar pressure and vertical force at the
heel compared to new shoes. From a mechanical perspective, we pro-
posed that the primary mechanism appears to be the formation of a
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relatively flat and larger contact area between the lateral sole and the
ground due to foot inversion. This pressure reduction is also consistent
with the fundamental principle that an increased contact area reduces
localized pressure (Bus et al., 2011). Our argument is further supported
by the results observed in EWSC20, where the increase in foot inversion
angle reduced interface conformity and led to a subsequent rise in
plantar pressure (Fig. 4B3). It is also noteworthy that the MWSC20 and
EWSC20 conditions led to a lateral shift of plantar pressure (Fig. 4A3),
indicating a displacement of the center of foot pressure(COP) further
toward the lateral side. This shift may cause the GRF vector to remain
more medial, thereby increasing inversion stress and potentially
elevating the risk of lateral ankle sprains under repetitive running loads
(Morrison et al., 2010). Thus, runners using worn shoes may need to
engage in targeted training to enhance ankle joint stability.

Most injuries sustained during running are overuse injuries, such as
stress fractures (van Poppel et al., 2021). Vertical compression has been
identified as the primary cause of calcaneal fractures, which highlights
the importance of understanding stress characteristics during running
strikes (Huang et al., 2024). As illustrated in Fig. 5A1 and B1, our study
revealed that increased shoe wear during neutral foot landings led to
both an expansion in the area and an increase in the amplitude of high
stress. The most pronounced increase was observed under EWSCO on the
medial calcaneal surface and the inferior calcaneal tuberosity, which has
been previously identified as common fracture sites during running
(Vasiliadis, 2017; Vasiliadis et al., 2021). This finding supports existing
assertions that shoe wear correlates with a higher incidence of foot stress
fractures due to the uneven support provided by worn shoes (Finestone
et al., 2012; Frey, 1997). Nevertheless, no prior study has quantitatively
examined stress changes in the calcaneus across different heel positions.
In our FE analysis, calcaneal stress exhibited a decreasing trend when
landing with foot inversion conditions, with the most pronounced
reduction observed under EWSC10. Specifically, peak stress decreased
by 10.41 % in EWSC10 compared to CON10 (Fig. 5B2), and it is also the
lowest value among all conditions, which is consistent with the observed
reduction in plantar pressure under this condition. The larger contact
area between the lateral sole and the ground, as a result of foot inver-
sion, may facilitate a more uniform force transmission, thereby
contributing to a decrease in peak stress. Studies on the high-stress area
showed a similar trend, with stress concentration shifting towards the
inferior calcaneal tubercle, and no high-stress areas were detected under
EWSC10 (Fig. 5A2, A3). The absence of high-stress areas under EWSC10
may suggest that foot inversions would help redistribute stress at
fracture-prone regions when wearing worn shoes, potentially contrib-
uting to mitigate the risk of overload stress injuries.

Given that peak stress represents only isolated high-stress instances,
we further employed the TSCE criterion to identify volumetric exposures
of the calcaneus at high-stress risk, thereby comprehensively evaluate
the influence of different shoe wear conditions on heel internal biome-
chanics (Katzengold and Gefen, 2019). As illustrated in Fig. 6A2, TSCE
analysis revealed that the EWSCO condition exhibited the highest
volumetric exposure to mechanical stresses in the high-stress domain
compared to CONO. Taking into account the findings about peak stress
and high-stress areas under this condition, the risk of bone overload may
consequently rise due to the accumulation of high stress, especially at
the identified fracture sites. On the contrary, minimal volumetric stress
exposure was observed under EWSC10 compared to other scenarios
(Fig. 6B2). This finding further underscores the impact of foot inversions
in mitigating excessive stress accumulation under worn shoe conditions.
Overall, considering that running strikes often involve a certain degree
of foot inversion (Breine et al., 2017; Mei et al., 2019), our findings
suggest that avoiding frequent change of running shoes and allowing for
sufficient 'wearing-in’ of the lateral sole may potentially help mitigate
the risk of heel overuse injuries. However, due to the limits of the single-
case design, it is not possible to precisely determine the level of wear
that would mitigate injury risk. Meanwhile, it is also important to reit-
erate that the lateral ankle ligaments may experience increased
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elongation and tension in foot inversion positions, which would result in
adverse effects under repetitive running loads. Long-term experimental
studies with larger runner cohorts are needed to confirm these matters.

There are limitations in the study. First, our model used a single-case
design and did not account for gender variations, which are crucial given
the great differences in male and female foot structures and biome-
chanical responses. Consequently, this design prevents the generaliz-
ability of the findings to broader populations. Batch modeling of
multiple samples could be a potential solution, yet it might compromise
detailed foot geometries and boundary conditions, potentially weak-
ening internal validity (T.L.W. Chen et al., 2023). Second, several
simplifying assumptions and approximations were incorporated. For
example, some necessary simplifications were made in the structural
and material representation of the foot and shoe to constrain the model
complexity (Cen et al., 2024; Wang et al., 2015). Meanwhile, although
different experimental setups, such as different running surfaces and
conditions, may influence simulation input, we kept boundary and
loading conditions consistent to create a baseline simulation in which
outcome variations could be attributed explicitly to shoe wear and foot
inversion effects. Additionally, our model validation did not cover the
full variability of real-world running conditions, such as different sur-
faces. These factors need further exploration to improve the model
robustness and applicability. Third, there is no consensus on how shoe
sole wear manifests or the exact foot inversion angle during running, as
these vary significantly among individuals. Our worn shoe model was
based on a generalized definition of shoe degradation (Saito et al.,
2007), and foot inversion angles were adapted from commonly reported
ranges (Breine et al., 2017; Mei et al., 2019). More importantly, we did
not input drastic changes in our shoe model properties due to the lack of
reported data on the material property changes of the shoe through the
progress of shoe degradation. As such, the interpretation of the obtained
results should be undertaken with the consideration of the defined scope
and underlying assumptions of the modeling approach. Finally, our
study addressed only the acute effects of shoe degradation and foot
inversion. Future research should examine their long-term impact on
heel biomechanics to provide more guidance for injury prevention and
shoe optimization.

5. Conclusions

Increasing lateral sole degradation consistently elevated heel plantar
pressure, calcaneus stress, and the TSCE for the high-stress range.
Conversely, these effects are mitigated with foot inversions, particularly
under EWSC10, which resulted in an 11.36 % reduction in peak pres-
sure, a 10.41 % decrease in peak stress, and no volumetric exposure of
the calcaneus to high-stress risk compared to CON10. This reduction
likely results from the larger contact area between the lateral sole and
the ground due to foot inversion, promoting more uniform force trans-
mission. Accordingly, it is suggested that avoiding frequent change of
running shoes and allowing for sufficient 'wearing-in’ of the lateral sole
may potentially help mitigate the risk of heel overuse injuries. However,
runners using worn shoes should engage in targeted training to enhance
ankle joint stability. Further research with larger and diverse cohorts is
needed to study the long-term effects of worn shoes on heel biome-
chanics in different running conditions. This will help verify our findings
and develop precise recommendations to prevent foot-related issues
from improper footwear.
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