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ARTICLE

Effects of high heels on medial tibiofemoral cartilage mechanics: an
exploration using musculoskeletal simulation and a probabilistic cartilage
failure model

Jonathan Sinclaira, Yifang Fanb, Jinluan Linc, Bobbie Buttersa, Paul John Taylord and
Nachiappan Chockalingame

aResearch Centre for Applied Sport, Physical Activity and Performance, School of Sport and Health Sciences, Faculty of Allied Health
and Wellbeing, University of Central Lancashire, Lancashire, UK; bFoot Research Laboratory, Key Laboratory of Sport and Health
Science of Fujian Province, School of Physical Education and Sport Science, Fujian Normal University, Fuzhou, China; cOrthopedics
Department, The First Affiliated Hospital of Fujian Medical University, Fuzhou, China; dSchool of Psychology and Computer Sciences,
Faculty of Science and Technology, University of Central Lancashire, Lancashire, UK; eSchool of Life Sciences and Education,
Staffordshire University, Stoke on Trent, UK

ABSTRACT
This study examined the effects of different high-heeled footwear heights on lower extremity med-
ial tibiofemoral cartilage mechanics and longitudinal failure probability, using musculoskeletal simu-
lation and probabilistic failure modelling approaches. The current investigation examined 24
participants, walking in four different footwear (high heel, medium heel, low heel, and trainer).
Walking kinematics were collected using an 8-camera motion capture system and kinetics via an
embedded force plate. Medial tibiofemoral loading was explored using musculoskeletal simulation
and cartilage probability via probabilistic modelling. Distance travelled per day was inputted into
the model as 6.0 km per day. This was modelled as participants completing all 6.0 km in the trainer
condition whereas in the heeled footwear, this was modelled as participants completing 3.0, 2.4,
1.8, 1.2 and 0.6 km in the heels, and the remaining distance undertaken in the trainers. Cartilage
forces and strains were significantly greater in the high (force ¼ 3.39BW & strain ¼ 0.26), medium
(force ¼ 2.98BW & strain ¼ 0.22) and low heels (force ¼ 2.91BW & strain ¼ 0.22) compared to the
trainer (force ¼ 2.52BW & strain ¼ 0.19). Cartilage failure probability was significantly greater in the
high (3.0 km ¼ 21.26%, 2.4 km ¼ 18.45%, 1.8 km ¼ 18.15%, 1.2 km ¼ 17.90% & 0.6 km ¼ 17.52%),
medium (3.0 km ¼ 9.97%, 2.4 km ¼ 9.86%, 1.8 km ¼ 9.76%, 1.2 km ¼ 9.66% & 0.6 km ¼ 9.55%)
and low heels (3.0 km ¼ 9.13%) compared to the trainer (1.89%), and in the high heel condition
decreased linearly alongside reductions in modelled walking distance. The findings from the cur-
rent investigation show that high heels of increasing height have a profoundly negative influence
on medial knee cartilage health and strongly advocate that walking distance in heeled footwear
and the heel height itself be reduced wherever possible.
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Introduction

The knee joint plays an important role in load bearing dur-
ing walking and other common daily activities (D’Lima
et al., 2012). However, knee osteoarthritis (OA) is the most
common form of lower limb osteoarthritis, a major source
of disability worldwide (Heidari, 2011) and imposes an
extremely high economic burden (Martins et al., 2021).
Causal factors in the disease’s initiation and progression are
complex and contentious, but mechanical load imposed
onto the cartilage itself during gait and other everyday
activities appears to be an important factor. Therefore, due
to factors such as age, excessive body mass or previous

injury, the negative effects of excessive knee joint mechan-
ical loads begin to emerge, and the risk of knee disorders
such as OA increase (Eitner et al., 2017). Knee OA itself
represents a degenerative articular disease, caused by ero-
sion and deterioration of the articular cartilage within the
knee joint (Chen et al., 2017), and those with knee OA
experience ongoing pain and stiffness (Alshami, 2014). OA
at the knee joint has been shown to be present in as many
as 10% of individuals over the age of 55 (Losina et al.,
2013), and importantly over 90% of knee OA cases are
observed in the medial tibiofemoral compartment (Wise
et al., 2012). This is because during traditional activities of
daily life over 60% of the total load borne by the
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tibiofemoral joint passes through the medial compartment
of the knee (Farrokhi et al., 2013).

Heeled footwear have been utilised for over 400 years
and are adopted daily in as many as 69% of females
(Linder & Saltzman, 1998). Heeled designs therefore persist
as one of the fundamental features of female footwear
modalities, and 21st century fashion practices continue to
promote the sustained utilisation of high-heels (Hong et al.,
2005). However, despite frequent usage, there are long-held
apprehensions concerning the enduring impact of high-
heels on women’s musculoskeletal wellbeing (Linder &
Saltzman, 1998). High-heeled footwear feature a slim base
of support, and mechanically position the ankle joint into a
plantarflexed position, mediating kinematic and kinetic
alterations in lower extremity biomechanics during gait
(Cronin, 2014; Sinclair et al., 2019).

Importantly, previous biomechanical analyses have
shown that stance phase knee adduction moments were
statistically larger when walking in high-heels (Simonsen
et al., 2012; Barkema et al. 2012; Kerrigan et al., 1998). As
the knee adduction moment is often adopted as a pseudo
measurement of medial tibiofemoral compartment loading,
this has led to the proposition that high heels may place
wearers at risk from tibiofemoral joint OA. As tibiofemoral
joint OA is renowned for its increased prevalence in
females (Hame & Alexander, 2013), this makes the utilisa-
tion of high heels particularly concerning.

However, although extremely important, this proposition
cannot be explored using resultant knee joint moments
from inverse dynamics to quantify knee joint kinetics dur-
ing gait. Joint moments represent global indices of joint
loading, and therefore are not characteristic of localised
joint loading (Herzog et al., 2003). In recent years, consid-
erable advances in musculoskeletal simulation modelling
have been made (Delp et al., 2007), allowing skeletal muscle
kinetics to be simulated during movement and utilised to
quantify muscle driven indices of lower extremity joint
reaction forces (Sinclair et al., 2019). Furthermore, although
indices of joint kinetics are now feasible through simulation
analyses, there remain challenges in exploring the effects of
different conditions and joint loading scenarios on the initi-
ation and time course of knee OA. Therefore, computa-
tional probabilistic modelling of cartilage mechanics and
accumulative damage may be valuable for quantifying the
probability of osteoarthritic degeneration probability over a
lifetime of cyclic loading (Miller & Krupenevich, 2020).

Therefore, the aim of the current investigation was to
explore the effects of different heeled footwear heights on
medial tibiofemoral cartilage mechanics and lifetime failure
probability in relation to non-heeled footwear using a com-
bined musculoskeletal simulation and computational mod-
elling approach. The findings from this investigation will
yield new information firstly on the effects of heeled foot-
wear on medial tibiofemoral cartilage mechanics during
walking, but also on lifetime failure probability in relation
to non-heeled footwear.

This study tests the hypothesis that heeled footwear will
increase medial tibiofemoral cartilage loading mechanics
and also lifetime failure probability in relation to non-
heeled footwear and also that both cartilage loading and
probability of cartilage failure will be greatest in the highest
heel height conditions.

Methods

Participants

Twenty-four female participants (age 29.89 ± 5.17 years,
height 1.66 ± 0.10m, body mass 64.35 ± 6.36 kg and body
mass index 23.49 ± 2.78) volunteered to take part in this
study. Using data from our previous work (Sinclair et al.,
2019) and a mean± SD difference in peak compressive
medial tibiofemoral force of 0.37 ± 0.60 BW between condi-
tions, it was determined that in order to achieve a¼ 5%
and b¼ 0.80, that 24 participants would be required in this
investigation. All participants were free from pathology at
the time of data collection and provided written informed
consent, in accordance with the principles outlined in the
Declaration of Helsinki. The procedure utilised for this
investigation was approved, by a university ethical commit-
tee (REF 637).

Experimental footwear

The footwear used during this study consisted of traditional
footwear (New Balance 1260 v2; Figure 1(a)), high heels
(10 cm heel; Figure 1(d)), medium heels (7 cm heel;
Figure 1(c)), and low heels (4 cm heel; Figure 1(b)) in sizes
3–6 in UK. The heeled footwear were identical with the
exception of the heel heights.

Procedure

Participants walked across a 22m Biomechanics Laboratory,
striking an embedded piezoelectric force platform (Kistler
Instruments Ltd., Winterthur, Switzerland)—which sampled
at 1000Hz—with their right (dominant) foot. A self-
selected walking velocity was adopted to improve ecological
validity and allow the true longitudinal effects of heeled
footwear on medial tibiofemoral cartilage to be explored, as
a fixed velocity in the four different footwear conditions
would not be feasible in the real world. Five successful trials
were collected in each footwear condition, with a successful
trial being one where the foot made full contact with the
force platform, and with no evidence of gait modifications
due to the experimental conditions. Kinematic and ground
reaction force (GRF) data were synchronously collected.
Kinematic data were captured at 250Hz via an 8-camera
motion analysis system (Qualisys Medical AB, Gothenburg,
Sweden). Dynamic calibration of the motion capture system
was performed before each data collection session.

Body segments were modelled in 6 degrees of freedom
using the calibrated anatomical systems technique
(Cappozzo et al., 1995). To define the anatomical frames of
the thorax, pelvis, thighs, shanks, and feet, retroreflective
markers were placed at the 7th cervical vertebrae (C7), 12th
thoracic vertebrae (T12), and xiphoid process landmarks,
and also positioned bilaterally onto the acromion process,
iliac crest, anterior superior iliac spine (ASIS), posterior
super iliac spine (PSIS), medial and lateral malleoli, medial
and lateral femoral epicondyles, greater trochanter, calca-
neus, and 1st and 5th metatarsals. Intra-rater reliability for
the researcher responsible for positioning of the aforemen-
tioned anatomical markers has been shown to be excellent
(Sinclair et al., 2014). The centre’s of the ankle and knee
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joints were delineated as the midpoints between the mal-
leoli and the femoral epicondyle markers (Graydon et al.,
2015; Sinclair et al., 2015). The hip joint centre was deter-
mined using a regression equation that uses the positions
of the ASIS markers (Sinclair et al., 2014). Carbon-fibre
tracking clusters comprising four non-linear retroreflective
markers were positioned onto the thigh and shank seg-
ments. In addition, the foot segments were tracked via the
calcaneus, first metatarsal, and fifth metatarsal, the pelvic
segment was tracked using the PSIS and ASIS markers,
and the thorax segment was tracked using the T12, C7,
and xiphoid markers. Static calibration trials were carried
out, allowing for the anatomical markers to be referenced
in relation to the tracking markers/clusters. The Z (trans-
verse) axis was oriented vertically from the distal segment
end to the proximal segment end. The Y (coronal) axis
was oriented in the segment from posterior to anterior.
Finally, the X (sagittal) axis orientation was determined
using the right-hand rule and was oriented from medial to
lateral (Figure 2).

Processing

Four total data processing analyses were undertaken that
used the walking biomechanics data to estimate long-term
medial tibiofemoral cartilage failure probability; 1. initial
kinematic processing, 2. medial tibiofemoral forces, 3. med-
ial tibiofemoral contact mechanics and 4. medial tibiofe-
moral cartilage failure probabilistic modelling.

Initial kinematic processing

Dynamic trials were digitised using Qualisys Track
Manager (Qualisys Medical AB, Gothenburg, Sweden) in
order to identify anatomical and tracking markers, and
then exported as C3D files to Visual 3D (C-Motion,
Germantown, MD, USA). All data were linearly normalised
to 100% of the stance phase, which was delineated as the
duration over which 20N or greater of vertical GRF was
applied to the force platform (Sinclair et al., 2011). GRF
data and marker trajectories were smoothed with cut-off
frequencies of 50Hz and 6Hz, respectively, using a low-
pass Butterworth 4th-order zero-lag filter. Kinetic and
kinematics cut-off frequencies were obtained using residual
analysis (Sinclair et al., 2013). Walking velocity was quanti-
fied within Visual 3D, using the linear velocity of the model
centre of mass in the anterior direction (Sinclair et al.,
2021) and stride length was determined by calculating the
difference in the anterior position of the foot’s centre of
mass at footstrike between initial and subsequent ipsilateral
foot contacts (Sinclair et al., 2021). Cadence (steps/min)
was also extracted by calculating the time between initial
and subsequent ipsilateral foot contacts and determining
the number of footfalls that would be achieved per minute
(Sinclair et al., 2022).

Medial tibiofemoral forces

Following this, data during the stance phase were exported
from Visual 3D into OpenSim 3.3 software (Simtk.org). A
validated musculoskeletal model was used to process the
biomechanical data, which were scaled to account for the
anthropometrics of each participant. The model with 12
segments, 19 degrees of freedom, and 92 musculotendon
actuators (Lerner et al., 2015) was used to estimate lower
extremity muscle and joint forces. A residual reduction
algorithm (Delp et al., 2007) was first used to resolve
dynamic inconsistency between the kinematics of the meas-
ured GRF and the model, and muscle kinetics were then
quantified using static optimisation, as described by Steele
et al. (2012). As muscle forces are the main determinant of
joint compressive forces (Herzog et al., 2003), following the
static optimisation process the peak normalised compressive
medial tibiofemoral joint force (BW) was calculated via the
joint reaction analysis function within OpenSim, using the
muscle forces generated from the static optimisation pro-
cess as inputs (Delp et al., 2007). Finally, the medial com-
pressive tibiofemoral cumulative load was quantified by
dividing the average tibiofemoral contact force by the stride
length in accordance with Miller and Krupenevich (2020).
Sinclair et al. (2021) importantly showed that vastus inter-
medius, vastus lateralis and vastus medialis muscle forces at

Figure 1. Experimental footwear (a trainer, b low heel, c medium heel,
and d high heel).
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the instance of peak compressive joint force, were the
strongest predictors of peak medial tibiofemoral joint load-
ing during walking. Therefore, to determine the mecha-
nisms responsible for any alterations in peak medial
tibiofemoral kinetics between footwear conditions, the
forces (BW) quantified during static optimisation for the
aforementioned muscles were quantified at the instance of
peak joint force and extracted for statistical analysis.

Medial tibiofemoral contact mechanics

The aforementioned peak compressive medial tibiofemoral
contact forces during the stance phase of walking were uti-
lised as inputs into a model of medial knee contact
mechanics which was utilised to determine the peak com-
pressive stress and strain indices in the tibiofemoral cartil-
age using MATLAB code adapted from Miller and
Krupenevich (2020). The medial tibiofemoral contact
mechanics model was based on that developed and
described by Nu~no and Ahmed (2001).

The medial aspect of the femoral condyle was delineated
as two convex arcs representing its anterior and posterior
components from a sagittal perspective and a single arc
from a coronal posterior viewpoint, whereas the tibial plat-
eau was modelled conversely as a concave curve. The radius
of the tibial arc in frontal plane was assumed to be 21mm
and the radii of the anterior and posterior aspects of the
femoral arc in sagittal plane were 35.0mm and 18.9mm

respectively. The tibial segment was assumed to be held in
fixed position in space but in accordance with the Nu~no
and Ahmed (2001) model, the femur featured two variable
parameters: the height of the knee flexion axis relative to
the tibia and the flexion angle itself. The cartilage within
the tibiofemoral joint itself was depicted as a series of
spring elements upon the tibial plateau, with an unloaded
height of 5.0mm (Liu et al., 2010). The modelled cartilage
elements themselves were assumed to exhibit a nonlinear
elastic stress–strain relationship (Blankevoort et al., 1991).
Briefly medial tibiofemoral contact stresses (r) and strains
(e) were calculated based on Equations 1 and 2.

r ¼ �Mean tibiofemoral cartilage modulus � Log ð1� eÞ
(1)

e ¼ Cartilage element compression=

modelled cartilage height
(2)

Peak compressive tibiofemoral contact stresses (MPa)
and strains were calculated as a function of the loaded car-
tilage modulus at this joint, the magnitude of the compres-
sion of the modelled contact elements and the modelled
number of contact elements which was considered to be
7326 accounting for a modelled distance between elements
of 0.5mm and the aforementioned tibial and femoral arc
radii. The tibiofemoral cartilage moduli differed as a func-
tion of the location of the loaded contact elements as some
were concealed by the medial meniscus. The moduli

Figure 2. (a) Experimental marker locations and (b) trunk, pelvis, thigh, shank, and foot segments, with segment co-ordinate system axes (R¼ right and
L¼ left), (TR¼ trunk, P¼ pelvis, T¼ thigh, S¼ shank, and F¼ foot), (X¼ sagittal, Y¼ coronal, and Z¼ transverse planes).
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included in the model for the femoral cartilage, uncon-
cealed tibial cartilage and concealed tibial cartilage, were
8.6, 4.0 and 10.1MPa (Shepherd & Seedhom, 1999). The
medial meniscus modulus was considered to be 1.3MPa
and the meniscus itself was modelled to conceal 46% of the
tibial plateau (Danso et al., 2015; Bloecker et al., 2013). The
cartilage and menisci were delineated with a Poisson’s ratio
of ¼ 0.45.

The knee flexion angle input into the model was the
angle from the initial kinematic processing analysis at which
the peak medial tibiofemoral contact force (obtained from
the medial tibiofemoral force processing) occurred. The ver-
tical height of the knee flexion axis was initially set so that
the cartilage was unloaded and then incrementally decreased
until the contact force matched that from the input medial
tibiofemoral contact force. With distinct modelled radii for
the anterior and posterior aspects of the medial femur, the
area of cartilage under load differed as a function of the
knee flexion angle (Henderson et al., 2011). Translational
mechanics of the knee joint were not included into the
model as the medial aspect of the femoral condyle typically
remains close to the centre of the tibial plateau despite
changes in the knee flexion angle (DeFrate et al., 2004).

Medial tibiofemoral cartilage failure probabilistic
modelling

In accordance with Miller and Krupenevich (2020), cartil-
age failure at the medial aspect of the tibiofemoral joint
was delineated as macroscopic plastic deformation typical
in early-stage osteoarthritic degeneration (Weightman et al.,
1973). As the median age of knee OA diagnosis is 55 years
and 9.29% of the US population is diagnosed with symp-
tomatic knee OA by age 60 years (Losina et al., 2013), the
probability of cartilage failure was calculated over a period
of 42 years, from skeletal maturity aged 18 until 60 years of
age (Johnson et al., 2012). Probability of failure was calcu-
lated using probabilistic models of tissue damage and repair
(Taylor, 1998; Taylor & Kuiper, 2001; Taylor et al., 2004),
with cartilage compressive strain as its equivalent for dam-
age. In our previous work (Sinclair et al., 2023) we have
undertaken sensitivity analyses to determine the sensitivity
of the key cartilage failure determinant, i.e., peak compres-
sive tibiofemoral strain to alterations (within feasible bio-
logical/anthropometric ranges) of each modelled parameter
separately whilst maintaining the others at their modelled
values.

The probability of cartilage failure at the specified time
(i.e. 42 years) was expressed as a cumulative function of the
modelled cartilage experiencing loading cycles over a spe-
cific distance each day with the stride length from the ini-
tial kinematic processing using Equation 3.

Probability of cartilage failure

¼ 1–Exp –½ðVolume of stressed cartilage=

Reference stressed cartilage volumeÞ
ðtime=time until failureÞWeibull exponent=Power law exponent�

(3)

In Equation 3 the reference stressed cartilage
(78.5mm3), the Weibull exponent (14.3) and the power law
exponent (12.9) were all constants in the cartilage failure
probability model. Time until failure was and calculated
using Equation 4.

Time to failure ¼ ðPower law coefficient

� Stride length=Distance per dayÞ
ðWeibull coefficient � eÞ–Power law exponent

(4)

In Equation 4, the time until failure is representative of
the time at which 63.2% of cases would fail when experi-
encing the modelled number and magnitude of cartilage
strains. Distance travelled per day was inputted into the
model as 6.0 km per day which was the approximate dis-
tance that would have been completed had 7000 steps (the
number now considered optimal for health and wellbeing
(Paluch et al., 2021) been completed per day, based on the
stride lengths obtained from the trainer footwear condition.
In the trainer condition, this was modelled as participants
completing all 6.0 km per day (i.e. with all of the aforemen-
tioned inputs being derived from the trainer condition). In
each of the heeled footwear, this was modelled as partici-
pants completing 3.0, 2.4, 1.8, 1.2 and 0.6 km (i.e. 50, 40,
30, 20 and 10% of total daily distance) in the heels and the
remaining distances undertaken in the trainer, as it is
unlikely that heeled footwear would be utilised throughout
the entire day. The number of daily loading cycles i.e. steps
per day in each footwear and distance condition was calcu-
lated by dividing the modelled daily distance by the step
length (Supplementary material 1). The Weibull coefficient
(1.03), power law coefficient (1.0) and power law exponent
(12.9) were all constants in the time until failure model.
Values for the power law and Weibull parameters were
obtained from Miller and Krupenevich (2020), who fit a
power law for cycles to failure to the data from
Riemenschneider et al. (2019).

Equation 3 represents the probability of failure of cartil-
age in vitro. As living cartilage possesses some innate ability
to partially recover from strain-imposed damage over sev-
eral years (Nakamura et al., 2008), the probability of medial
tibiofemoral cartilage repair was therefore modelled using
Equation 5.

Probability of repair

¼ 1–Exp –½�ðtime=time until repairÞCartilage repair exponent�
(5)

In Equation 5, time until repair (5.0 years) and the car-
tilage repair exponent (5.2) were constants extracted from
Miller and Krupenevich (2020) and the time until repair
was modelled as the duration after which repair would be
expected in 63.2% of cases of damage.

Repair itself was integrated into Equation 3 in accord-
ance with Miller and Krupenevich (2020) by deriving a
probability density function that determines the instantan-
eous probability of failure at a given time point in time.
This process is outlined in Equation 6.
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Probability density function

¼ ðVolume of stressed cartilage

�Weibull exponent=power law exponent

� Reference stressed cartilage volume

� time until failureÞ
ðtime=time until failureÞWeibull exponent=Power law exponent�1

exp ½�ðVolume of stressed cartilage=

Reference stressed cartilage volumeÞ
ðtime=time until failureÞWeibull exponent=Power law exponent�

(6)
The probability density function is then multiplied by

the cumulative probability that repair has not occurred yet
(i.e. 1 � Probability of repair) and then integrated over
time to determine the probability of failure taking into
account repair. This process is outlined in Equation 7.

Probability of failure with repair

¼
ððtime

0Þ½Probability density function

� ð1� Probability of repairÞ�
modelled distance between contact elements � time

(7)

Miller and Krupenevich (2020) proposed that the afore-
mentioned modelling of repair is potentially optimistic for
cartilage, owing to the assumption that damage occurring
at a time point within the model will be repaired by this
timeþ time to repair, and that ultimately almost all damage
will eventually fully repair.

Statistical analyses

For each biomechanical and cartilage failure outcome vari-
able and footwear/distance condition, means and standard
deviations (SD) were calculated. To compare biomechanical
outcomes across the four footwear conditions, linear mixed
effects models with repeated measures were adopted.
Furthermore, linear mixed effects models with repeated
measures were also utilised to contrast cartilage failure indi-
ces between footwear within each distance condition (e.g.
footwear differences whilst walking 3 km in heeled foot-
wear) and also between distances within each heeled foot-
wear (e.g. differences between 0.6 and 3.0 km in the low
heels). Linear mixed effects models were undertaken using
the restricted maximum-likelihood and compound sym-
metry methods, with footwear/distance condition modelled
as a fixed factor and random intercepts by participants
(Sinclair et al., 2021). All statistical analyses were conducted
using SPSS v27 (IBM, SPSS). Statistical significance for all
analyses was accepted at the p< 0.05 level, and in the

interests of conciseness, only outcomes that presented stat-
istical significance are presented in the results section.

Results

Initial kinematic processing

Walking velocity was significantly slower in the low
(p¼ 0.002), medium (p¼ 0.004) and high (p¼ 0.001) heel
conditions, in relation to the trainer. Furthermore, walking
velocity was also significantly slower in the high heels com-
pared to low (p¼ 0.002) and medium (p¼ 0.001) condi-
tions (Table 1).

Stride length was significantly shorter in the low
(p< 0.001), medium (p< 0.001) and high (p< 0.001) heel
conditions, compared to the trainer. Furthermore, stride
length was significantly shorter in the high heels compared
to low (p< 0.001) and medium (p¼ 0.001) conditions
(Table 1).

Medial tibiofemoral forces & muscle forces

Peak compressive medial tibiofemoral force was signifi-
cantly greater in the low (p< 0.001), medium (p¼ 0.001)
and high (p< 0.001) heels compared to the trainer condi-
tion. Furthermore, peak compressive medial tibiofemoral
force was significantly greater in the high compared to low
(p< 0.001) and medium heels (p¼ 0.001) (Table 2).

Medial tibiofemoral cumulative load was significantly
greater in the low (p< 0.001), medium (p< 0.001) and high
(p< 0.001) heels compared to the trainer condition.
Furthermore, medial tibiofemoral cumulative load was sig-
nificantly greater in the high compared to low (p< 0.001)
and medium heels (p< 0.001) (Table 2).

Vastus intermedius force was significantly greater in the
high (p< 0.001) and medium (p¼ 0.026) conditions com-
pared to trainer, and also in the high heels in relation to
medium (p¼ 0.001) and low (p< 0.001) conditions. Vastus
lateralis force was significantly greater in the high
(p< 0.001) and medium (p¼ 0.046) conditions compared
to trainer, and also in the high heels in relation to medium
(p< 0.001) and low (p< 0.001) conditions. Finally, vastus
medialis force was significantly greater in the high
(p< 0.001) and medium (p¼ 0.049) conditions compared
to trainer, and also in the high heels in relation to medium
(p< 0.001) and low (p< 0.001) conditions (Table 2).

Medial tibiofemoral contact mechanics

Peak medial tibiofemoral compressive stress was signifi-
cantly greater in the low (p< 0.001), medium (p< 0.001)
and high (p< 0.001) heels compared to the trainer condi-
tion. Furthermore, peak medial compressive stress was

Table 1. Kinematic temporal for each footwear conditions.

Trainer Low heels Medium heels High heels

Mean SD Mean SD Mean SD Mean SD

Walking velocity (m/s) 1.36 0.19 1.24 0.13 1.25 0.15 1.17 0.14
Stride length (m) 1.61 0.19 1.42 0.1 1.39 0.14 1.32 0.12
Cadence (steps/minute) 82.06 6.48 83.04 7.04 85.13 7.11 81.92 7.79
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significantly greater in the high compared to low
(p< 0.001) and medium heels (p< 0.001) (Table 3).

Medial peak tibiofemoral compressive strain was signifi-
cantly greater in the low (p< 0.001), medium (p< 0.001)
and high (p< 0.001) heels compared to the trainer condi-
tion. Furthermore, peak medial compressive strain was sig-
nificantly greater in the high compared to low () and
medium heels (p< 0.001) (Table 3).

Medial tibiofemoral cartilage failure probabilistic
modelling

Effects of footwear
When completing 3.0 km daily in the heeled conditions,
probability of failure with repair was significantly greater in
the low (p¼ 0.046), medium (p¼ 0.032) and high
(p¼ 0.003) heels compared to the trainer condition.
Furthermore, probability of failure with repair was signifi-
cantly greater in the high compared to low (p¼ 0.005) and
medium heels (p¼ 0.006) (Table 4; Figures 3–5).

When completing 2.4 km daily in the heeled conditions,
probability of failure with repair was significantly greater in
the medium (p¼ 0.033) and high (p¼ 0.004) heels com-
pared to the trainer condition. Furthermore, probability of

failure with repair was significantly greater in the high
compared to low (p¼ 0.009) and medium heels (p¼ 0.033)
(Table 4; Figures 3–5).

When completing 1.8 km daily in the heeled conditions,
probability of failure with repair was significantly greater in
the medium (p¼ 0.032) and high (p¼ 0.005) heels com-
pared to the trainer condition. Furthermore, probability of
failure with repair was significantly greater in the high
compared to low (p¼ 0.009) and medium heels (p¼ 0.035)
(Table 4; Figures 3–5).

When completing 1.2 km daily in the heeled conditions,
probability of failure with repair was significantly greater in
the medium (p¼ 0.034) and high (p¼ 0.005) heels com-
pared to the trainer condition. Furthermore, probability of
failure with repair was significantly greater in the high
compared to low (p¼ 0.037) and medium heels (p¼ 0.009)
(Table 4; Figures 3–5).

When completing 0.6 km daily in the heeled conditions,
probability of failure with repair was significantly greater in
the medium (p¼ 0.035) and high (p¼ 0.006) heels com-
pared to the trainer condition. Furthermore, probability of
failure with repair was significantly greater in the high
compared to low (p¼ 0.041) and medium heels (p¼ 0.009)
(Table 4; Figures 3–5).

Effects of distance
In the high heels, each of the five distance conditions dif-
fered significantly from one another (p¼ 0.004–0.026)
and probability of failure with repair increased linearly
alongside increases in total distance walked (Table 4;
Figures 3–5).

In the medium heels, probability of failure with repair
was significantly greater in the 3.0 km compared to 2.4 km
(p¼ 0.038), 1.8 km (p¼ 0.041), 1.2 km (p¼ 0.044) and
0.6 km (p¼ 0.046), in the 2.4 km compared to 1.8 km
(p¼ 0.043), 1.2 km (p¼ 0.046) and 0.6 km (p¼ 0.049) and
also in the 1.8 km compared to 0.6 km (p¼ 0.049) (Table 4;
Figures 3–5).

Discussion

The current study aimed to explore the effects of different
heeled footwear heights on medial tibiofemoral cartilage

Table 2. Medial tibiofemoral forces and muscle forces for each footwear condition.

Trainer Low heels Medium heels High heels

Mean SD Mean SD Mean SD Mean SD

Peak compressive medial tibiofemoral force (BW) 2.52 0.76 2.91 0.96 2.98 0.99 3.39 1.00
Medial compressive medial tibiofemoral cumulative load (BW/m) 0.91 0.24 1.12 0.31 1.15 0.42 1.37 0.44
Vastus intermedius (BW) 0.34 0.16 0.39 0.17 0.44 0.13 0.62 0.20
Vastus lateralis (BW) 0.29 0.13 0.33 0.14 0.37 0.11 0.52 0.17
Vastus medialis (BW) 0.62 0.27 0.70 0.31 0.77 0.24 1.11 0.34

Table 3. Medial tibiofemoral contact mechanics for each footwear condition.

Trainer Low heels Medium heels High heels

Mean SD Mean SD Mean SD Mean SD

Peak compressive medial tibiofemoral stress (MPa) 2.25 0.49 2.63 0.7 2.66 0.68 3.09 0.74
Peak compressive medial tibiofemoral strain 0.19 0.04 0.22 0.05 0.22 0.05 0.26 0.05

Table 4. Medial tibiofemoral cartilage failure probabilistic parameters for
each footwear and distance condition.

Probability of failure
with repair (%)

Mean SD

Trainer (6 km) 1.89 4.49
Low heels (3 km and trainer 3 km) 9.13 19.15
Medium heels (3 km and trainer 3 km) 9.97 18.30
High heels (3 km and trainer 3 km) 21.26 29.96
Low heels (2.4 km and trainer 3.6 km) 9.04 18.05
Medium heels (2.4 km and trainer 3.6 km) 9.86 23.36
High heels (2.4 km and trainer 3.6 km) 18.45 27.66
Low heels (1.8 km and trainer 4.2 km) 8.95 17.8
Medium heels (1.8 km and trainer 4.2 km) 9.76 23.24
High heels (1.8 km and trainer 4.2 km) 18.15 27.47
Low heels (1.2 km and trainer 4.8 km) 8.77 17.52
Medium heels (1.2 km and trainer 4.8 km) 9.66 23.13
High heels (1.2 km and trainer 4.8 km) 17.90 27.32
Low heels (0.6 km and trainer 5.4 km) 8.63 17.24
Medium heels (0.6 km and trainer 5.4 km) 9.55 23.01
High heels (0.6 km and trainer 5.4 km) 17.52 27.12
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mechanics and lifetime failure probability in relation to
non-heeled footwear using a combined musculoskeletal
simulation and computational modelling approach. This
represents the first investigation to examine the effects of
high-heeled footwear using a concurrent approach of the
aforementioned techniques and may therefore provide
more detailed information regarding the effects of high-
heeled footwear on knee OA risk.

In agreement with our hypotheses, the current
investigation importantly showed using musculoskeletal
simulation and contact mechanical modelling that compres-
sive medial tibiofemoral joint forces, stresses and strains
were statistically increased in the heeled conditions in

comparison to the trainer and also linearly between heel
heights. It is proposed that these observations in relation to
joint mechanics were mediated by the corresponding
increases in quadriceps muscle kinetics, as Sinclair et al.
(2021) showed that vastus intermedius, vastus lateralis and
vastus medialis muscle forces were the most prominent pre-
dictors of medial tibiofemoral loading. This observation
supports those using joint moments and indicates that
heeled footwear increases the risk of from the mechanical
parameters linked to the aetiology of medial knee OA
(Simonsen et al., 2012; Barkema et al. 2012; Kerrigan et al.,
1998) compared to walking exclusively in non-heeled
footwear.

Figure 3. Average medial tibiofemoral cartilage failure time series probabilities in the high heels in each experimental distance condition.
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In addition to the aforementioned observations in rela-
tion to medial tibiofemoral forces, stresses and strains per
footfall, the current investigation also showed that medial
compressive tibiofemoral cumulative load was significantly
increased in the heeled footwear. Allied to the increased
joint loading indices per footfall in the heeled footwear, it
appears that the cumulative joint loads were further
exacerbated by the statistically reduced stride lengths in the
heeled footwear. This importantly meant that a larger
number of footfalls are required to complete the same dis-
tance, which has clear implications for lifetime cartilage
failure probability.

Importantly, in line with our hypotheses, this study
showed using probabilistic modelling that at the greatest
modelled daily walking distance (i.e. 3.0 km), medial tibiofe-
moral cartilage failure probability was statistically increased
in all of the experimental heeled conditions in comparison
to the trainer. Furthermore, at the remaining distances, car-
tilage failure probability was shown to be statistically
greater in the high and medium heels compared to the
trainer. Finally, and again in agreement with our hypoth-
esis, the analyses of the experimental footwear conditions
showed that at all of the experimentally modelled walking
distances, probability of cartilage failure increased linearly

Figure 4. Average medial tibiofemoral cartilage failure time series probabilities in the medium.
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and statistically between heel heights. It is noteworthy that
the failure probability indices of the heeled footwear were
in some cases as much as tenfold larger in relation to the
trainer condition. Taking into account the model parame-
ters (Miller & Krupenevich, 2020), such increases were
mediated as a function of the greater cartilage strains in the
heeled footwear conditions. The distance based probabilistic
indices importantly showed in the high and medium heels,
that cartilage failure probability, decreased linearly along-
side reductions in walking distance. Overall, this investiga-
tion strongly supports the long-held notion regarding the
effects of high-heels on tibiofemoral cartilage health (Linder
& Saltzman, 1998), as the utilisation of heeled footwear

leads to a far greater probability of medial tibiofemoral OA.
Tibiofemoral OA is characterised by debilitating and pain-
ful presentation (Heidari, 2011) as well as long-term fiscal
healthcare implications (Martins et al., 2021). This investi-
gation therefore strongly advocates that walking distance in
heeled footwear as well as the heel height itself be reduced
to the greatest extent possible.

That this study utilised a musculoskeletal simulation-
based procedure to quantify both muscle and joint kinetics
may serve as a limitation to the current investigation.
Whilst musculoskeletal simulation is considered to be
superior to inverse dynamics driven indices of joint load-
ing, and the simulation models were scaled to account for

Figure 5. Average medial tibiofemoral cartilage failure time series probabilities in the low heels in each experimental distance condition.
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each participants anthropometrics; there are numerous
mechanical assumptions in the creation of musculoskeletal
simulation models. These predominately relate to the con-
strained degrees of freedom within the lower extremity
joints, the absence of modelled soft tissues within the joints
themselves as well as a lack of surface EMG to corroborate
the static optimisation process. A further potential limita-
tion is that medial tibiofemoral contact strains and cartil-
age-failure probability indices were quantified via generic
scaled model parameters rather than a patient-specific
imaging-based approach. This drawback is less pronounced
considering the within-subject comparisons utilised in this
study; but may have a greater impact on between-subject
analyses. Whilst there are logistical advantages to this
approach to probabilistic modelling, there remains ambigu-
ity in the specificity of cartilage structure, material proper-
ties and mechanical responses to imposed strains. Finally,
as the main damage parameter into the cartilage failure
model is maximum compressive cartilage strain, it does not
therefore account for shear strain or quantify loading and
failure at bespoke macroscopic cartilage components. The
most effective approach by which to address the research
aims outlined in this investigation would be to adopt a lon-
gitudinal prospective investigation, exploring the effects of
high heels over the modelled time course (i.e. 18–60 years).
However, prospective experiments on longitudinal and pro-
gressive diseases such as OA are rarely undertaken, owing
to logistical and fiscal challenges, and future computational
and epidemiological analyses should seek to undertake lon-
gitudinal model validation from the standpoint of predict-
ing medial knee OA.

In conclusion, though walking biomechanics in heeled
footwear has received previous research attention, there has
yet to be an exploration of the longitudinal effects of walk-
ing in high heels using a cumulative musculoskeletal simu-
lation and probabilistic modelling approach. The present
investigation therefore adds to the current clinical know-
ledge, by examining the effects of different high-heeled
footwear on medial tibiofemoral cartilage failure probabil-
ity. Importantly, compressive medial tibiofemoral cartilage
force, stress and strain increased statistically in the heeled
conditions in comparison to the trainer and also linearly
between heel heights and similarly that cartilage failure
probability was statistically increased in the heeled condi-
tions compared to the trainer and also linearly between
heel heights. The findings from the current investigation
show that high heels of increasing height have a profoundly
negative influence on knee cartilage health and strongly
advocate that walking distance in heeled footwear and the
heel height itself be reduced wherever possible.
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