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Introduction

Footwear longitudinal bending stiffness has been shown to 
affect a variety of running biomechanical and performance 
variables (Nigg et  al., 2000). Even though footwear stiffness 
influences running biomechanics, the majority of studies 
have focused primarily on male participants (Morio & 
Flores, 2017). However, biological differences between sexes, 
including variations in body mass, lower limb muscle 
strength and size, and tendon stiffness, may alter how indi-
viduals respond to footwear stiffness (Kubo et  al., 2003). At 
the tendon level, differences in the ratio of collagen fibre 
types, sensitivity to cellular signals, and total water content 
of tendons cause variations in tendon composition between 
sexes (Kubo et  al., 2003). Additionally, hormonal factors 
such as oestrogen and/or progesterone could affect tendon 
stiffness between sexes (Kubo et al., 2003). These sex-specific 
differences in tendon properties might influence how indi-
viduals adapt to footwear stiffness.

Purpose of the study

This study aimed to examine how sex-specific differences 
in tendon properties influences how runners adapt to foot-
wear with varying longitudinal bending stiffness using 
dynamic optimization.

Methods

20 Participants (10 male and 10 female) ran on a 
force-instrumented treadmill at 3.5 m/s in three shoe 
types. The shoe conditions were a minimalist shoe that 
was flexible and had either 1) no plate (0.05 Nm/deg), 2) 
1 mm carbon fibre plate (0.14 Nm/deg), or 3) 1.5 mm 

(0.30 Nm/deg) carbon fibre plate to vary the longitudinal 
stiffness of the shoe. 3D joint kinematics and moments 
of the right limb were calculated from motion capture 
and treadmill data. Electromyography (EMG) of the right 
tibialis anterior (TA), gastrocnemius lateralis (LG), and 
soleus (SOL) were also collected. Achilles tendon stiff-
ness and moment arm were assessed using ultrasound, a 
force insole, and a dynamometer during maximal volun-
tary contractions and passive rotations, respectively. A 
musculoskeletal model (Rajagopal et  al., 2016) with and 
without participant-specific tendon stiffness, was used to 
perform inverse kinematics and dynamics in OpenSim, 
while EMG-constrained optimization was applied to esti-
mate muscle-tendon dynamics for the triceps surae mus-
cle group and TA muscles. A two-way mixed ANOVA 
(Sex x Footwear) determined differences in a number of 
muscle-tendon dynamic variables.

Results

For EMG- constrained optimization without modified ten-
don stiffness, no significant interaction effects were found 
between sex and footwear stiffness for most variables. 
However, a significant interaction effect was observed for 
normalized LG muscle fibre length, where males exhibited 
increased muscle fibre length compared to females in the 
1.5 mm footwear condition (Figure 1). Additionally, stiffer 
footwear increased SOL muscle-tendon length and reduced 
SOL muscle fibre velocity, though no significant interac-
tions with sex were found. Lastly, males exhibited higher 
tendon force and excitations for the LG, SOL and TA com-
pared to females. For EMG- constrained optimization with 
modified tendon stiffness, more significant interaction 
effects are anticipated to appear between sex and footwear 
stiffness.
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Discussion and conclusion

These findings suggest that EMG-constrained optimization 
could detect differences in muscle-tendon dynamic vari-
ables of the lower limb during running between sexes. 
However, the overall interaction effects between sex and 
footwear stiffness were limited. It is expected that the inter-
action between sex and footwear stiffness will be observed 
with the results using modified tendon stiffness in the mus-
culoskeletal model. Understanding these biomechanical 
adaptations may help inform shoe manufacturers about the 
design of footwear that is specific for males and females on 
a predictive manner.
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Figure 1.  Mean LG normalized muscle fibre length during stance across three 
footwear condition (no, 1 mm, 1.5 mm) and two sexes (males, females). Black 
lines represent males and light grey represents females. Shaded areas are SD.
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