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Abstract—Ankle stiffness has been known as one of the most
important components contributing to the maintenance of
lower body stability during postural balance and locomotion. It
has been repeatedly shown that women have lower stability and
increased risk of injury when compared to men participating in
similar sports activities, yet sex differences in neuromuscular
control of the ankle, including themodulationof ankle stiffness,
and their contribution to stability remain unknown. To identify
sex differences in human ankle stiffness, this study quantified
multi-dimensional ankle stiffness in 20 young, healthy men and
20 young, healthy women over a range of ankle muscle
contractions, from relaxed to 20% of maximum voluntary co-
contraction of ankle muscles. A wearable ankle robot and a
system identification method were used to reliably quantify
ankle stiffness in a 2-dimensional space spanning the sagittal
plane and the frontal plane. In all muscle activation levels,
significant sex differences in ankle stiffness were identified in
both the sagittal and frontal planes. In the given experimental
conditions, ankle stiffness in males was higher than females up
to 15.1 and 8.3 Nm/rad in the sagittal plane and the frontal
plane, respectively. In addition, sex differences in the spatial
structure of ankle stiffness were investigated by quantifying
three parameters defining the stiffness ellipse of the ankle: area,
aspect ratio, and orientation. In all muscle activation levels, a
significant sex difference was identified in the area of stiffness
ellipse as expected from the sex difference in the sagittal and
frontal planes. However, no statistical sex difference was
observed in the aspect ratio and orientation, which would be
due to little differences in major anatomical configurations of
the ankle joint between sexes. This study, in combination with
future studies investigating sex differences duringdynamic tasks
(e.g. postural balance and locomotion) would serve as a basis to
develop a risk assessment tool and sex-specific training pro-
grams for efficient ankle injury prevention or rehabilitation.
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INTRODUCTION

The human ankle is an essential joint in many lower
extremity functions at the interface between the lower
extremity and the physical world.11,41,51,52 It plays
significant roles in the maintenance of mediolateral
stability in the frontal plane as well as anteroposterior
stability in the sagittal plane.11,52 It also contributes to
shock absorption, propulsion, lower-limb joint coor-
dination, and adaptation to environmental changes
during locomotion.40,44

It has been demonstrated that incidence of muscu-
loskeletal injury at the ankle joint in females is signif-
icantly higher than in males participating in similar
sports activities such as basketball and soccer.1,8,20,43

Sex differences in risk of ankle injury are likely multi-
factorial, i.e., multiple causative factors contribute to
the increased rate of musculoskeletal injury in women,
including anatomical, hormonal, and neuromuscular
factors. Anatomical risk factors include higher joint
and ligamentous laxity,22,42,50 lower Young’s modu-
lus,27 and greater range of motion4,26 in females. Cyclic
hormonal variations in females may contribute to
decreased ligament strength, altered strength, or
modified muscle recruitment. However, compared to
extensive studies on knee injury,16,17,48 experimental
findings regarding hormones and risk of ankle injury
are limited and require further investigation.3 Neuro-
muscular and biomechanical factors also have been
speculated to contribute to the risk of injury.13,14,53

The National Research Council concluded that mus-
culoskeletal injury occurs when neuromuscular control
fails to stabilize applied biomechanical load.7 If the
neuromuscular system does not sufficiently support the
applied load, then strain is applied to the joint struc-
ture, thereby resulting in injury.
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Ankle stiffness, an integral component of ankle
mechanics, resists external loading and plays an
essential role to maintain postural stability and prevent
ankle injury during lower extremity function.15,30,49,51

Thus, investigation of sex differences in ankle stiffness
would shed lights on our understanding of sex differ-
ences in risk of ankle injury.

Given the importance of ankle stiffness in lower
extremity function, it has been studied over the past
few decades.6,15,21,24,33,34,36,46,47,52 Many studies have
been performed in a traditional gait lab setting con-
sisting of a motion capture system and a force plate,
which allows for the quantification of the torque–angle
relationship at the ankle, known as quasi-stiffness.15,47

However, quasi-stiffness and stiffness are distinct
concepts,28,45 except when the equilibrium point/tra-
jectory of the joint is constant, which is not likely
during various motor tasks, especially dynamic tasks.
When the equilibrium point/trajectory of the joint is
varying, for example through antagonistic muscle
activation, there is no causal relationship between joint
torque and joint stiffness and they can be indepen-
dently controlled. Without exact information on the
equilibrium point/trajectory, quasi-stiffness can sig-
nificantly mislead our understanding on joint
mechanics. Perturbations, i.e., external energy input,
are required to directly quantify joint stiffness.

Simple devices consisting of a servo-controlled
motor and a cast supporting the leg have been widely
utilized to quantify ankle stiffness.21,24,36 While these
studies characterized ankle stiffness in various task
conditions under different ankle positions and muscle
activations, the characterizations were strictly limited
to a single degree-of-freedom (DOF) of the ankle in the
sagittal plane. As the ankle plays a critical role in the
maintenance of mediolateral stability in the frontal
plane as well as anteroposterior stability in the sagittal
plane,11,51 it is crucial to characterize multi-dimen-
sional ankle stiffness in both the sagittal and frontal
planes.

A few recent studies have characterized ankle stiff-
ness in the sagittal and frontal planes by utilizing ro-
botic devices capable of actuating 2-DOF of the
ankle.9,30–32 These studies have provided invaluable
information on the directional characteristics of ankle
stiffness, not achievable with single-DOF ankle stud-
ies.

In this paper, we built upon our previous multi-
dimensional ankle studies31,32 and aimed to investigate
sex differences in ankle stiffness by quantifying its
magnitude in both the sagittal and frontal planes over
a range of ankle muscle contractions. We also aimed to
investigate a spatial structure of ankle stiffness in a 2D
space formed by dorsiflexion-plantarflexion (DP) and
inversion-eversion (IE) axes by quantifying 3 parame-

ters defining the stiffness ellipse of the ankle: area,
aspect ratio (anisotropy), and orientation.

Based on previous findings on higher incidence of
musculoskeletal injury at the ankle joint in females as
well as the presence of additional mechanical and
anatomical risk factors in females (higher joint laxity,
lower Young’s modulus, and greater range of motion)
in females, we hypothesized that ankle stiffness in fe-
males is significantly lower than males in both the
sagittal and frontal planes and in all muscle activation
levels. This hypothesis further leads to our secondary
hypothesis that the area of stiffness ellipse is signifi-
cantly smaller in females than males. However, based
on the conjecture that females might have consistently
lower ankle stiffness than males in any movement
directions in the 2D space, we also hypothesized that
there is no significant difference in the aspect ratio and
orientation of stiffness ellipse.

MATERIALS AND METHODS

Subjects

Twenty young men (age: 20–27, weight: 53.4–
108.9 kg, height: 157.5–188.0 cm) and 20 young wo-
men (age: 21–28, weight: 46.0–96.3 kg, height: 149.9–
172.7 cm) with no reported history of musculoskeletal
or connective tissue disorders that could affect ankle
stiffness were recruited among students at the Arizona
State University (ASU). All protocols were approved
by the ASU Institutional Review Board. Subjects gave
written informed consent prior to participation.

Experimental Setup

To quantify multi-dimensional ankle stiffness over a
range of muscle activation levels, we used a wearable
ankle robot, Anklebot (Bionik Laboratories, Canada),
an electromyography (EMG) system (Trigno Wireless
EMG, Delsys, MA), and a visual feedback display.
The same experimental setup has been successfully
used in the author’s previous studies to quantify multi-
dimensional ankle stiffness.31,32

The wearable ankle robot consists of a main body
having two actuators, a knee brace, and a shoe
(Fig. 1a). The top part of the main body was attached
to the knee brace and two end effectors of the actua-
tors were connected to a U-shaped metal bracket at-
tached to the bottom of the shoe. The knee brace was
attached to the right leg approximately from the mid-
shank to mid-thigh. This setup allows for actuation of
the ankle in 2 DOFs, i.e., DP and IE. The third DOF
along axial rotation was passive to prevent any inad-
vertent kinematic constraints at the ankle. During
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experiments, subjects sat in a chair with their ankle
held by the ankle robot in a neutral position, defined as
zero DP and IE angles from the horizontal plane
(Fig. 1b).

Multiple shoe sizes were available to ensure both
proper fit and prevention of foot slippage inside the
shoe. The foot was further securely fastened with
shoelaces and a wide Velcro strap. Multiple knee
braces were also available to ensure proper fit on the
leg and six Velcro straps were used to securely attach
the knee brace to the leg. Weight of the entire setup
and the leg was supported through elastic bands. The
use of compliant elastic bands also helped to eliminate
possible artifacts due to the coupling of the leg and the
robot to surrounding structures, including the chair.31

For the quantification of multi-dimensional ankle
stiffness, the robot applied torque perturbations and
measured the corresponding angular displacements at
the ankle in 2 DOFs. The torque resolution was 0.35
Nm and 0.24 Nm and for DP and IE, respectively. The
displacement resolution was 1.0 9 1023� and
1.4 9 1023� for DP and IE, respectively. Both data
were measured at 1 kHz.

This study quantified ankle stiffness at different
muscle co-contraction levels. To control the muscle

activation level during measurements, surface elec-
tromyographic (EMG) signals of tibialis anterior (TA)
and soleus (SOL) were recorded. Wireless, differential
surface electrodes with built-in amplifiers (Trigno,
Delsys, MA) were attached to the skin over the bellies
of TA and SOL. Prior to electrode placement, the skin
was rubbed with alcohol swabs to reduce the im-
pedance of skin–electrode interface.

EMG signals were band-pass filtered (20–450 Hz),
also sampled at 1 kHz, and synchronized with ankle
torque and kinematic data. Amplitudes of EMG sig-
nals were estimated using a root-mean-square average
with a moving window of 200 ms after removing the
DC bias offsets. Amplitudes of each muscle were nor-
malized with respect to its maximum voluntary con-
traction (MVC).

The visual feedback display was used to inform
subjects of real-time muscle activation of TA in
%MVC and current ankle positions in the 2D space,
i.e., IE and DP displacements with respect to the
neutral position of the ankle (Fig. 1c). Simultaneous
control of TA (dorsiflexor and inverter) and the neu-
tral position of the ankle in the 2D space could effec-
tively co-contract ankle muscles contributing to both
DP and IE. A monitor display was placed at eye level
in front of the subjects.

Experimental Protocol

First, the MVC of each muscle was measured fol-
lowing a standard muscle testing procedure.37 Ampli-
tudes of EMG signals were normalized with respect to
MVC measurements.

Prior to the main experiment, each subject partici-
pated in a practice session to familiarize with the
experimental setup and to practice maintaining differ-
ent muscle co-contraction levels, i.e., simultaneously
maintaining different target activation levels of TA and
the neutral ankle position. The practice session lasted
about 5 min until the subject felt confident and com-
fortable at maintaining the target level. During this
practice, no perturbations were applied to the ankle.

In the main experiment, ankle stiffness was quanti-
fied at 3 different muscle activation levels: 0% (re-
laxed), 10%, and 20% of maximum voluntary co-
contraction (MVCC) of ankle muscles. To prevent any
effects of muscle fatigue, contractions were limited to
no more than 20% of the estimated MVCC, and a
minimum rest period of 3 min was provided between
trials. A total of 3 repeated trials were performed for
each muscle activation level. The order of target
muscle activation was randomized.

In each trial, mild random torque perturbations
were applied to the ankle for 20 s, and the corre-
sponding ankle angles in 2 DOFs (DP and IE) were

FIGURE 1. Experimental Setup. (a) A wearable ankle robot,
Anklebot, connected to the custom designed shoe and the
knee brace. (b) Quantification of ankle stiffness in a seated
position, while weight of the entire setup and the leg was
supported through elastic bands. (c) A visual feedback
display for the control of target muscle co-contraction
levels. Real-time muscle activation of TA in %MVC and
current ankle positions in the 2D space (IE and DP
displacements) are provided.
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recorded. Band-limited white noise with a spectrum
flat up to 100 Hz was used to reliably quantify ankle
stiffness in all muscle activation conditions.31 For the
given torque perturbations, the root-mean-square
(RMS) values of ankle angles in any muscle activation
conditions were less than 2.1� and 3.2� for DP and IE,
respectively.

Data Analysis

A linear time-invariant, multi-input multi-output
system identification method based on spectral analysis
was utilized to quantify multi-dimensional ankle stiff-
ness in the IE-DP space.2,32 The author’s previous
ankle studies31,32 have demonstrated that this method
could reliably quantify multi-dimensional ankle stiff-
ness over a wide range of muscle contractions.

Briefly, the system identification method first
quantified frequency response of ankle dynamics.
Next, stiffness component of ankle dynamics was cal-
culated by averaging the magnitude frequency
response in a low frequency region below 5 Hz, where
stiffness dominates the dynamic response (Fig. 2a).24,31

By repeating this identification process for different
movement directions in the IE-DP space, a spatial
structure of ankle stiffness was identified. The spatial
structure was represented as a stiffness ellipse, which
could be described by the following three parameters:
area (pkmaxkmin), aspect ratio (kmax/kmin), and orien-
tation (a) (Fig. 2b). The area encompasses the entire
stiffness ellipse, which is proportional to the determi-
nant of the symmetric stiffness matrix. The larger the
area, the larger overall ankle stiffness in the IE-DP
space. The aspect ratio is the ratio between the maxi-
mum and minimum stiffness values defined by the
major and minor principal axes (or the larger and
smaller eigenvalues), respectively. The higher aspect
ratio implies significant direction-dependence of ankle
stiffness in the IE-DP space. The orientation is mea-
sured between the major principal axis and the axis
defining the DP direction. The smaller the angle, the
smaller the coupling between the IE and DP axes.

Statistical Analysis

To test sex differences in multi-dimensional ankle
stiffness, specifically, stiffness in the sagittal plane (DP
stiffness [Nm/rad]), stiffness in the frontal plane [IE
stiffness (Nm/rad)], area [Nm/rad]2, aspect ratio, and
orientation [�] of stiffness ellipse, we performed the
following statistical analyses.

First, we tested if quantification of ankle stiffness
was made while both male and female subjects main-
tained comparable levels of co-contraction of ankle
muscles. We tested if there exist any sex differences in

controlling TA activation levels and the neutral ankle
position. Unpaired, independent, two-tailed t tests
were performed.

Next, we tested if sex differences exist in the major
directions of ankle stiffness (DP stiffness and IE stiff-
ness) and the 3 parameters (area, aspect ratio, and
orientation) defining the spatial structure of ankle
stiffness. For each of 5 dependent variables, we per-
formed a separate analysis by running a mixed-design
analysis of variance (mixed ANOVA). Here the with-
in-subjects factor was muscle activation and the
between-subjects factor was sex. Following the mixed
ANOVA, we performed post hoc analyses by running
unpaired, independent, two-tailed t tests to identify sex
differences at each muscle activation level.

In all statistical analyses, we checked normality of
data by running Shapiro–Wilk tests, and evaluated
equal variance (homogeneity of variance) across data
sets by running Levene’s tests. If the null hypothesis is
rejected in the Levene’s tests, equal variance was not
assumed in the subsequent statistical analyses. In
addition, Mauchly’s test of sphericity was used to
formally test the assumption of sphericity. If the
assumption was violated, the degrees-of-freedom were
adjusted using the Greenhouse–Geisser correction be-
fore calculating the p value. All statistical tests were
made using the SPSS statistical package at a signifi-
cance level of p < 0.05.

RESULTS

Maintenance of Co-contraction of Ankle Muscles

All subjects could successfully maintain three dif-
ferent target co-contraction levels (0, 10, 20 %MVCC)
by simultaneously controlling both the target TA
activation levels and the neutral ankle position. For
each target level, minimal or no significant sex differ-
ence was observed (Table 1).

For TA activation, no statistical difference was
observed in the 10 %MVCC (p = 0.79) and 20
%MVCC (p = 0.74) levels. While statistical signifi-
cance was reached in the 0 %MVCC level (p = 0.02),
the difference was minimal (D = 1.5 %MVC). Al-
though SOL activation, which counteracts TA activa-
tion, was not directly controlled during the study, we
performed a secondary analysis to investigate if SOL
activation levels were also comparable in male and
female subjects. No statistical difference was observed
in all activation levels (p = 0.53, p = 0.36, p = 0.40
for 0, 10, and 20 %MVCC, respectively).

For the ankle position in the sagittal plane (DP
position), no statistical difference was observed in the
10 %MVCC (p = 0.11) and 20 %MVCC (p = 0.65)
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levels. While statistical significance was reached in the
0 %MVCC level (p = 0.01), the difference was mini-
mal (D = 0.6�). For the ankle position in the frontal
plane (IE position), no statistical difference was
observed in all activation levels (p = 0.22, p = 0.21,
p = 0.31 for 0, 10, and 20 %MVCC, respectively).

Ankle Stiffness in the Sagittal and Frontal Planes

Co-contraction of ankle muscles significantly
increased DP stiffness and IE stiffness in both male and
female subjects. However, significant sex difference was
observed in all muscle activation levels, being greater
in males than females (Fig. 3).

For DP stiffness in the sagittal plane, a significant
main effect of the within-subjects factor of muscle
activation was identified (F(1.59,60.30) = 334.2,
p � 0.001). In addition, a significant main effect of the
between-subjects factor of sex was identified
(F(1,38) = 14.17, p = 0.001). Post hoc independent t
tests further revealed that sex differences were statis-

tically significant across all muscle activation levels:
D = 6.3 Nm/rad (p = 0.001), D = 14.2 Nm/rad
(p = 0.001), and D = 15.1 Nm/rad (p = 0.004) for 0,
10, and 20 %MVCC, respectively) (Fig. 3a).

For IE stiffness in the frontal plane, a significant
main effect of the within-subjects factor of muscle
activation was identified (F(1.49,50.71) = 192.4,
p � 0.001). In addition, a significant main effect of the
between-subjects factor of sex was identified
(F(1,38) = 11.18, p = 0.002). Post hoc independent t
tests further revealed that sex differences were statis-
tically significant across all muscle activation levels:
D = 5.2 Nm/rad (p = 0.001), D = 6.9 Nm/rad
(p = 0.003), and D = 8.3 Nm/rad (p = 0.008) for 0,
10, and 20 %MVCC, respectively) (Fig. 3b).

Although no statistically significant interaction
between the within- and between-subjects factors was
reached (p > 0.05) in both DP stiffness and IE stiff-
ness, a trend was observed that the sex difference in
ankle stiffness increased with the increase of muscle
activation level in both planes.

FIGURE 2. Quantification of ankle stiffness. (a) Ankle stiffness was quantified by averaging the magnitude frequency response of
ankle mechanical impedance in a low frequency region below 5 Hz. (b) Three parameters defining the stiffness ellipse of the ankle:
area, aspect ratio, and orientation.

TABLE 1. Minimal or No Significant Gender Difference was Observed in the Maintenance of the Target Co-contraction Levels (TA
Activation Levels and the Neutral Ankle Position).

Target co-contraction (% MVCC) Male Female

TA (%MVC) 0 2.6 (1.6) 4.1 (2.2)

10 11.3 (2.0) 11.1 (2.4)

20 21.0 (1.9) 21.3 (3.4)

DP position (deg.) 0 2 0.8 (0.7) 2 1.4 (0.8)

10 0.4 (1.3) 2 0.2 (1.2)

20 0.7 (2.0) 0.5 (1.2)

IE position (deg.) 0 0.4 (0.3) 0.1 (0.4)

10 0.0 (0.9) 0.2 (0.7)

20 2 0.2 (1.3) 0.3 (0.9)

Sex Differences in 2-DOF Human Ankle Stiffness



Spatial Structure of Ankle Stiffness

Co-contraction of ankle muscles significantly chan-
ged the area, aspect ratio, and orientation of stiffness
ellipse in both male and female subjects. While signif-
icant sex difference was observed in the area of stiffness
ellipse in all muscle activation levels, no statistical
difference was reached in the aspect ratio and orien-
tation in all muscle activation levels (Fig. 4).

For the area of stiffness ellipse, a significant main
effect of the within-subjects factor of muscle activation
was identified (F(1.34,51.07) = 200.1, p � 0.001).
Muscle activation significantly increased the area in
both male and female subjects. In addition, a signifi-
cant main effect of the between-subjects factor of sex
was identified (F(1,38) = 15.80, p � 0.001). Post hoc
independent t tests further revealed that sex differences
were statistically significant across all muscle activa-
tion levels (p � 0.001, p = 0.003, and p = 0.008 for
0, 10, and 20 %MVCC, respectively) (Fig. 4a).

For the aspect ratio of stiffness ellipse, a significant
main effect of the within-subjects factor of muscle
activation was identified (F(1.39,52.67) = 48.4,
p � 0.001). Thus, muscle activation significantly alters
the aspect ratio in both male and female subjects.
Specifically, the aspect ratio in relaxed muscles (0
%MVCC) was significantly lower than that in active
muscle conditions (p � 0.001). However, no statistical
difference was observed between two active muscle
conditions, i.e., 10 and 20 %MVCC (p = 1.00). No
significant main effect of the between-subjects factor of

sex was observed (F(1,38) = 0.014, p = 0.91)
(Fig. 4b).

For the orientation of stiffness ellipse, a significant
main effect of the within-subjects factor of muscle
activation was identified (F(1.20,45.71) = 12.91,
p � 0.001). Thus, muscle activation significantly alters
the orientation in both male and female subjects.
Specifically, the orientation in relaxed muscles (0
%MVCC) was significantly tilted from the sagittal
plane than that in active muscle conditions
(p � 0.001). While statistical significance was reached,
the difference between the two active muscle condi-
tions was small (D = 1.9�; p = 0.04). No significant
main effect of the between-subjects factor of sex was
observed (F(1,38) = 0.48, p = 0.50) (Fig. 4c).

FIGURE 3. Ankle stiffness in the sagittal and frontal planes.
A significant sex difference was observed in all muscle
activation levels (**p < 0.01). (a) DP stiffness, (b) IE stiffness.

FIGURE 4. Spatial structure of ankle stiffness. (a) Area, (b)
Aspect ratio, and (c) Orientation. A significant sex difference
was observed in the area of stiffness ellipse in all muscle
activation levels (**p < 0.01, ***p < 0.001). No statistical sex
difference was reached in the aspect ratio and orientation in
any muscle activation levels.
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DISCUSSION

Previous studies have demonstrated that incidence
of musculoskeletal injury at the ankle joint in females
is significantly higher than in males participating in
similar sports activities.1,8,20,43 Among multiple risk
factors contributing to the increased rate of muscu-
loskeletal injury in women, neuromuscular control of
stability has been identified as one of the most
important potential contributors to sex differences in
risk of injury.13,14,53

This study investigated sex differences in ankle
stiffness, which plays significant roles in maintaining
postural stability and preventing ankle injury during
lower extremity function.15,49,51 The use of a wearable
ankle robot actuating 2-DOF of the ankle allowed for
the reliable characterization of ankle stiffness in a 2D
space spanning the sagittal and frontal planes, not
achievable in previous single-DOF ankle studies.

Sex Differences in Multi-dimensional Ankle Stiffness

In both males and females, co-contraction of ankle
muscles could significantly increase ankle stiffness in all
movement directions in the 2D space. This result is
consistent with previous findings that muscle co-con-
traction effectively increases joint/limb stiffness, which
enhances robustness to external perturbations and
compensates environmental instability.5,10,19,29 While
all subjects exhibited this increasing trend, clear sex
differences were identified in both relaxed and active
muscle conditions.

Lower ankle stiffness in females during relaxed
muscles (0% MVCC) could be explained by sex dif-
ferences in passive ankle mechanics including higher
joint and ligamentous laxity.22,42,50 and lower Young’s
modulus.27

On the other hand, lower ankle stiffness in females
during muscle co-contraction (10 and 20 %MVCC)
could be predominantly explained by sex differences in
active muscle mechanics. It has been demonstrated
that male muscles have more fast twitch fibers (type
II),12 have more muscle mass,23 have higher cross-
sectional area,35 and have a higher capacity of anaer-
obic metabolism.18 All these factors contribute to the
rendering of higher maximum power output in male
muscles than female muscles.12,25 Since target co-con-
traction levels were scaled to the maximum co-con-
traction levels or maximum power output, for the same
target level, we would expect lower absolute muscle
activation in females than males and lower ankle
stiffness accordingly.

In all muscle activation conditions, the sex differ-
ence in ankle stiffness was evident in both DP in the
sagittal plane and IE in the frontal plane. This also

resulted in significantly smaller area of stiffness ellipse
in females than males implying that overall ankle
stiffness in the IE-DP space is significantly lower in
females than males.

Sex-Invariant Features of Multi-dimensional Ankle
Stiffness

While the magnitude of ankle stiffness was signifi-
cantly higher in males than females, no statistical dif-
ferences were observed in two features defining the
spatial structure of ankle stiffness in the 2D space,
specifically, the aspect ratio and orientation of stiffness
ellipse. This would be mainly because anatomical
configurations, such as the number, attachment points,
and types of ankle muscles, tendons, and ligaments,
have no significant differences between sexes. Thus, for
similar activation of ankle muscles, it is probable that
geometrical features of multi-dimensional ankle stiff-
ness would be rather invariant between sexes although
its magnitude could be significantly different due to the
sex differences in passive and active ankle mechanics as
explained above.

The aspect ratio was significantly higher during
muscle co-contraction than relaxed in both males and
females. In other words, stiffness along the major axis
(roughly aligned with DP in the sagittal plane) was
relatively higher than the minor axis (roughly aligned
with IE in the sagittal plane) during muscle co-con-
traction. However, no statistical difference was
observed between two co-contraction levels. This
observation could be explained by the integrated con-
tribution of passive and active ankle mechanics to
multi-dimensional ankle stiffness. While passive ankle
mechanics determine ankle stiffness during relaxed
muscles, both passive and active ankle mechanics
contribute to the modulation of ankle stiffness during
co-contraction. The significant difference between re-
laxed and co-contraction conditions explained that the
contribution of active mechanics to multi-dimensional
ankle stiffness is significantly different from that of
passive mechanics. In addition, no difference between
two co-contraction conditions (10 vs. 20 %MVCC)
further confirmed that the contribution of active
mechanics is significantly higher than that of passive
mechanics when muscle co-contraction levels are
higher than a certain level.

Co-contraction of ankle muscles significantly al-
tered the orientation of multi-dimensional ankle stiff-
ness in both males and females. Specifically, muscle co-
contraction changed the orientation of the major
principal axis of the stiffness ellipse towards the sagittal
plane. This would be because co-contraction of ankle
muscles increases ankle stiffness more along DP in the
sagittal plane than IE in the frontal plane.

Sex Differences in 2-DOF Human Ankle Stiffness



Since the aspect ratio and orientation of ankle
stiffness ellipse are sex-invariant, we can simply model
2-DOF ankle stiffness in males as a scaled-up version
of that in females. This invariant property is beneficial
to simplifying the design of sex-specific training/exer-
cise for ankle injury prevention or rehabilitation by
having the magnitude or strength of training/exercise
as a major variable between sexes.

Implications for Future Research

This study, for the first time, investigated sex differ-
ences in multi-dimensional ankle stiffness over a wide
range of muscle contraction levels. Results of this study,
performed in a static seated position, will serve as an
important baseline to investigate sex differences during
dynamic tasks such as postural balance and locomotion.

Outcomes from the studies during static and dy-
namic tasks could be utilized to design a future study
to determine whether sex differences in ankle stiffness
prospectively influence the sex difference in lower body
stability and risk of ankle injury. In addition, the
outcomes would serve as a basis to develop a risk
assessment tool and sex-specific training programs for
efficient ankle injury prevention or rehabilitation.

Limitations

There are a few limitations of this study that should
be noted. First, investigation of sex differences in ankle
stiffness was strictly limited to a static seated position,
which prevents its direct translation to dynamic func-
tional tasks such as postural balance and locomotion.
In fact, we have recently extended the current study to
these dynamic tasks using a multi-axis robotic plat-
form developed for various lower extremity func-
tions,38,39 which will be a topic of future publication.

In addition,while we speculated that passive and active
muscle mechanics contribute to sex differences in ankle
stiffness over a range of muscle activation, it is important
to investigate neuromuscular mechanisms underlying sex
differences inankle stiffness (e.g. usingmuscle force testing
and anatomical measurement) to provide strong evidence
for our speculation. It is alsoworth to investigate the effect
of other important factors (e.g. physique variables), which
might be closely correlated with sex.
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