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Abstract
Objectives: To characterize and compare dynamic joint stiffness (DJS) of the ankle in the sagittal plane during natural cadence

walking in both genders.

Design: Observation, cross-sectional and matched pairs.

Participants: Twenty-one males (mean age ¼ 2774.2 years) and 18 females (mean age ¼ 22.974.1 years).

Setting: Laboratory at the University de Trás-os-Montes and Alto Douro. The DJS of the ankle was assessed while participants

performed barefoot walking at a natural cadence, was measured using a force platform (1000Hz), and synchronized with a high-

speed camera (200Hz).

Main outcome measures: DJS of the ankle in males and females was calculated in two sub-phases (the second and the fourth sub-

phases) of the stance phase. The Wilcoxon non-parametric matched-pairs test and the Mann–Whitney U non-parametric test were

used to analyse difference of DJS of the ankle within and between the groups with pp0.05 regarded as significant.

Results: Male and female participants demonstrated significantly (po0.005) less DJS during the second sub-phase. DJS was not

significantly (p40.063) different between females (0.0511Nm/kg/1) and males (0.0596Nm/kg/1) during the second sub-phase. DJS

was significantly (po0.001) higher in males (0.0844Nm/kg/1) than females (0.0691Nm/kg/1) during the fourth sub-phase.

Conclusions: Gender-specific DJS characteristics demonstrated by females in this study may be used in preventative training

programs designed to promote a greater ability to use contractile components to produce mechanical energy through the ankle.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

From biomechanical and motor control perspectives,
stability should be considered as the ability of a system
to return to its prescribed path or condition after a
disturbance (Wagner & Blickhan, 1999). As a conse-
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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quence, joint stability becomes the joint’s ability to
maintain a certain joint angle position according to a
prescribed motor pathway. However, the ability of the
performer to deal with joint stability depends not only
on the resistance that the joint structure’s soft tissues
offer to the external moments during every motor task,
but also on the ability of the joint muscle structures to
resist external net force moment. In this context, the
mechanical concept of stiffness can be used in the
construction of a joint stability indicator considering
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that besides proprioception, stiffness also contributes to
joint stability (Docherty, Arnold, Zinder, Granata, &
Gansneder, 2004). Taking into consideration that active
muscle stiffness (AMS) is essential for the maintenance
of joint stability (Wagner & Blickhan, 1999), it can be
measured in vivo by using a free oscillation technique
where the muscle is gently perturbed and the damped
free response is recorded (Hunter, Coveney, & Spriggs,
2001; McNair, Wood, & Marshall, 1992). However, this
method cannot be used to study the stiffness of those
muscles and other joint structures manifest throughout
the voluntary single joint movements during human
gait. Therefore, dynamic joint stiffness (DJS) appears
(Davis & DeLuca, 1996), representing a concept that has
its origin in mechanics as a part of Hooke’s law. This
concept can be defined as the resistance that muscles and
other joint structures manifest during intersegmental
displacement and as a reaction to an external moment of
force. Quantitatively, DJS is determined from the
derivative of the joint moment (M) plotted according
to the joint angle position (y) during a motor task
(dM/dy). The aforementioned resistance is the passive
and active elements associated with two kinds of work:
(1) one done by the central nervous system control on
the muscular work (concentric or eccentric) and (2)
simultaneous to the resistance that other structures
crossing the joint (ligaments, etc.) offer to the variation
of the angular position. Expressing ‘‘stiffness’’ in this
context requires a number of assumptions. The deriva-
tive, dM/dy, is not necessarily related to the ability of
the system to store elastic energy; the measurements do
not take into account the viscosity and active forces
which oppose the movement and may be modelled as
varying linearly with the velocity vector in parallel with
the ‘‘spring.’’ Despite those characteristics, the concept
of the DJS has been well-documented, reviewed, and
shown to be very useful in analysing, at a joint level,
how the motor task is being coordinated and how stable
the joint is (Davis & DeLuca, 1996; Gabriel, 1999;
Gabriel, Abrantes, Mourão, Filipe, Melo, & Bulas-
Cruz, et al., 2001; Hansen, Childress, Miff, Gard, &
Mesplay, 2004; Lark, Buckley, Bennett, Jones, &
Sargeant, 2003), and which adaptations are being done
by our control mechanism associated to the perfor-
mance and the risk of injury (Butler, Crowell, & Davis,
2003); namely, the increased DJS seems to be associated
with increased velocity, jump height and economy, and
on the other hand, too much DJS may be associated
with bone injury and too little DJS to soft tissue injuries.
Even if a direct relationship between stiffness and injury
is not well-established due to a rarity of prospective
studies, the retrospective study of Williams, McClay,
and Hamill (2001) and the study of Williams, Davis,
Scholz, Hamill, and Buchanan (2004) suggest that
greater peak forces and loading rates, biomechanical
variables associated with the DJS (Butler et al., 2003),
sustain a higher incidence of bone injuries. Granata,
Padua, and Wilson (2002) suggest that too little DJS
may allow for excessive joint motion and less joint
stability foremost to soft tissue injury during human
gait.

Epidemiologic research has revealed that females have
a greater risk of lower extremity musculoskeletal injuries
during bipedal locomotion sports activities (Powell &
Barber-Foss, 2000). Arendt and Dick (1995) suggest that
the possible causative factors for the increased risk of
knee injuries among females may be extrinsic (body
movement, muscular strength, shoe–surface interface,
and skill level) or intrinsic (joint laxity, limb alignment,
notch dimensions, and ligament size). According to
Hosea, Carey, and Harrer (2000), females have a 25%
greater risk of sustaining a Grade I ankle sprain
compared with their male counterparts. A Grade I
ankle sprain is the most common injury and requires the
least amount of treatment and recovery. In this degree
of ankle sprain, the ligaments connecting the ankle
bones are often over-stretched and damaged microsco-
pically, but not actually torn (Scherl & Templeton,
2003). Other studies have analysed the general aspects of
bipedal locomotion gait path according to gender
(Bencke, Naesborg, Simonsen, & Klausen, 1996; Blanc,
Balmer, Landis, & Vingerhoets, 1999; Cao, Schultz,
Ashton-Miller, & Alexander, 1998; Giakas, Baltzopou-
los, Dangerfield, Dorgan, & Dalmira, 1996; Gilchrist,
1998; Miller & Verstraete, 1999). These studies have
expressed a concern that gender can influence gait
control behaviour. For example, Cao et al. (1998)
suggested that the kinematic gender differences were
related to the total response time needed for the sudden
arrest of forward momentum and may be related in part
to gender differences in ability to rapidly develop a
lower extremity joint moment. These gender differences
may be related to gender differences in the risk of injury.
On the other hand, Granata et al. (2002) indicated that
healthy women demonstrated lower leg stiffness during
functional hopping tasks compared to aged-matched
males. Leg stiffness was defined as a linear regression
slope between the vertical centre of mass displacement
and ground reaction forces recorded from a force plate
during the stance phase of the hopping task. These
results suggested that biomechanical stability may be
challenged in females more than in males as a
consequence of less active muscle stiffness. Blackburn,
Riemann, Padua, and Guskiewicz (2004) compared the
AMS of the knee flexors and Blackburn, Padua,
Weinhold, and Guskiewicz (2006) compared the AMS
of the triceps surae between males and females and
found greater AMS in males than females, and
suggested that those results indicated that male muscu-
lature is more effective at resisting changes in its
length, a finding which may have implications for joint
stability.
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During human gait, the ankle joint behaviour
requirements can only be completely understood when
studied in relation to the other lower limb joints.
Nevertheless, as a result of its strategic location, the
ankle is essential to all upright human locomotion and
has been extensively investigated with the purpose of
understanding both injury mechanisms and physical
fitness improvement. Even if only to improve gender
equity in leisure and sports-related activities, it is
necessary to understand potential gender differences
relating to join stability; there is no published data
comparing the behaviour of DJS of the ankle between
males and females during bipedal locomotion gait.
Consequently, the goal of this study was to characterize
and compare the DJS of the ankle in sagittal plane
during a natural cadence walking in both genders. The
results may then be used to develop external devices
(e.g., athlete supportive ankle springs and ankle
prostheses) made from compatible materials, as well as
in the prescription of exercises to promote health
through recreational and daily life upright human
locomotion where ankle joint stability is crucial to
decrease the risk of injury, while also taking into
account gender differences.
2. Methods

2.1. Participants

Twenty-one males (mean age ¼ 2774.2 years and
mean mass ¼ 75.879.4 kg) and 18 females (mean age ¼
22.974.1 years and mean mass ¼ 60.275.3 kg) partici-
pated in the experiments on a voluntary basis. Each
subject provided informed written consent prior to
participation. The study was performed in accordance
with the Declaration of Helsinki and approval for
procedures was obtained from the University of Trás-
os-Montes and Alto Douro Ethical Committee. All
participants were considered to be healthy, defined as
pain-free motion at both ankle and subtalar joints, no
history of arthritic or neuromuscular disorders, and no
history of major trauma to the ankle and subtalar joint
(including fractures, dislocations, and sprains).

2.2. Procedures

Video motion analysis of the leg, foot, and ankle were
recorded while participants performed barefoot walking
at a natural cadence along a 12m pathway. We
considered that the natural cadence occurred when the
participants walked as naturally, comfortably, or freely as
possible. The cadence in each trial was calculated
considering the time (measured with the help of a
chronometer) spent to perform 10 steps. This time was
considered to be between 5 and 6 s because a healthy
adult’s average natural cadence, according to Winter
(1991), ranges from 101 to 122 steps per minute.
To minimize the effect of the walking speed on the data
and to ensure that the participants’ cadence and velocity
were consistent across trials, a criterion based on the
stance duration was employed (Lay, Hass, & Gregor,
2006). Specifically, a trial was discarded if the stance
duration (measured with the help of a force platform) was
greater than 75% of 646.6ms in accordance with
published normative data for healthy adults with respect
to temporal parameters during natural walking (Blanc
et al., 1999). Initially, the participants performed 10–15
trials to become familiar with the procedures and
experimental setup. The starting point was adjusted to
allow each subject to place their right foot on a force plate
at the middle of the pathway without any modification of
direction, cadence, or stride length. To ensure valid data,
a visual inspection of the participant’s ground reaction
forces patterns was used to evaluate the normalcy of the
trial (Giakas & Baltzopoulos, 1997). Additionally, the
participants were instructed to notify the researchers if
any steps during each trial felt unnatural. Any invalid
trial was repeated. Four trials were recorded for the
walking task. A total of four complete stance phases from
the participant were analysed.

A prototype, high-speed video motion analysis system
(Gabriel et al., 1998) was used to record the sagittal
plane kinematic and kinetic data during the task. To
access the system precision, a rigid bar with two markers
was placed at a known distance and was filmed while
being moved in a plane parallel (sagittal plane) to the
image sensor. The inter-marker distance was calculated
and the root mean square errors were obtained between
the true distance and the measured distance from the
images. The error was always less than 1mm. This error
was comparable with the errors reported by commercial
systems. To improve data sampling rates and temporal
resolution, the visual signal was acquired by using a
high-speed digital camera (DALSA CA-D1) at 200Hz.
The digital camera was connected to a PCI frame
grabber (Bitflow Road Runner) in which the images
were stored and sent to the host computer. The high-
speed camera was positioned at a right angle to the
plane of motion and as far away as possible (4.7m) so as
to minimize the distortion introduced by perspective.
The camera was focused at a point, 0.5m above the
surface of the force plate. Kinetic data were collected
from the Kistler force platform (mod. 9281b) at 1000Hz
and synchronized with the kinematic data using a trigger
signal generated by the signal conditioning and the
acquisition unit (Biopac MP-100). The phase error
observed during data acquisition was between 150 and
480 ms. This value is acceptable when compared to the
time between frames (5ms).

Five skin markers were placed on the lateral aspect of
the leg and the foot They were located (Fig. 1) at: (1) the
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head of the fibula, (2) the midpoint of the line joining the
head of the fibula and the lateral malleolus, (3) the
lateral malleolus, (4) the posterior extremity of the
calcaneus, and (5) the head of the fifth metatarsal. The
marker placed on the lateral malleolus was chosen to
represent the ankle joint complex centre in the sagittal
plane. A kinematic analysis system was developed so as
to analyse the high-speed video data with an MS
Windows interface (Fig. 1). In order to optimize the
accuracy of the automatic relocation, geometric centres
of the markers were localized with the help of a Zoom
box (Fig. 1) in the first frame of each sequence. The
markers were automatically located in subsequent image
frames based on an optimized block matching. Marker’s
trajectories were filtered using a bi-directional sixth-
order Butterworth filter with an effective cut-off
frequency of 6.0Hz. In order to perform rigid body
kinematics calculations, two body segments were
defined from the marker trajectories, the foot and the
leg. The foot segment was defined by a vector going
from the marker at the head of the fifth metatarsal to the
marker at the posterior extremity of the calcaneus. The
leg segment was defined by a vector going from
the marker at the lateral malleolus to the marker at
the midpoint of the leg. The space calibration proce-
dures used a scale marked by two targets located
perpendicular to the camera axis representing the
horizontal near edge of the force platform.

The joint moments were considered positive when
they acted against a possible stretching of the muscular
group where the force applied in the joint moments was
applied so as to be coherent with the concept of spring
stiffness, which was indicated by the slope of the spring
force plotted according to the spring deformation. Then,
Fig. 1. Windows interface developed in order to facilitate data analysis

(1, head of the fibula; 2, midpoint of the line joining the head of the

fibula and the lateral malleolus; 3, lateral malleolus; 4, posterior

extremity of the calcaneus; 5, head of the fifth metatarsal).
considering the ankle joint plantar flexors moments
positive, the sagittal ankle angle (ya) was estimated
based on the difference between the leg and foot
segment angles, dorsiflexion being considered positive
and plantarflexion being considered negative. The angles
between each segment and the horizontal line were
considered positive in the counterclockwise direction
(Fig. 2). Data shown in the Valores (values) box was
exported to a spreadsheet and also to a statistical
package for further processing. Temporal parameters
were normalized to the total stance duration. Cubic-
spline interpolation was applied to the original data
about the angular position of the ankle to obtain 201
samples per stance phase, independent of the stance
duration. The projection of the ground reaction force
resultant vector is an erroneous way of predicting the
joint moments because the product of the mass with
acceleration, as well as the product of the moment of
inertia with angular acceleration of the stance limb, is
not taken into account. But despite that erroneous
technique of measuring the joint moments, the error
inherent in this technique is negligible for the ankle joint
moment calculations during a natural cadence walking
(Hansen et al., 2004; Wells, 1981). The ankle joint
moment was calculated (Fig. 3) from the vector product
of the ankle centre position vector and the ground
reaction force vector, neglecting the mass and the
moment of inertia of the foot. Ankle joint moments
were only calculated during the period of the stance
phase when the vertical ground reaction force was
greater than 120N and were normalized to the
participant’s body mass. This threshold for the vertical
ground reaction force was used to assure an adequate
signal-to-noise ratio on the force platform and an
accurate measurement of the centre of pressure (Hansen
et al., 2004).

Even if there were available data for the study of the
DJS of the ankle over an entire stance phase, the period
between the first relative maximum plantarflexion in the
early stance phase to the dorsiflexion peak was selected
θl

θf

θa = θf - θj - 90º

Fig. 2. yl, leg angle; yf, foot angle; ya, ankle angle.
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as first because of the relative simplicity of the muscle
activity over the ankle (Davis & DeLuca, 1996). This
period was considered as the second sub-phase of the
stance phase. Consequently, the periods before and after
the second sub-phase remained. The period before
represented the passive phase in which the forces
generated by the movement were not entirely controlled
by muscular activity and became the first sub-phase. The
period after was divided into other two sub-phases so as
to distinguish the negative values of DJS from the
positive ones. Specifically, the moment–angle relation-
ship during stance was categorized into sub-phases
(Fig. 4). The first sub-phase began with the initial foot
contact (A in Fig. 4) and continued until the first relative
maximal plantarflexion angle in the early stance (B in
Fig. 4). Starting at this point, the second sub-phase
described the dorsiflexion motion, ending at the time of
the peak dorsiflexion angle (C). The third sub-phase
continued from the time of peak dorsiflexion until the
peak ankle moment (D). The fourth sub-phase described
the unloading kinetics, including the trajectory from
peak moment until toe-off (E).

2.3. Statistical analysis

All data were analysed using SPSS statistical soft-
ware, version 13.0. In order to identify the sub-phases of
linear behaviour, least square linear regression equa-
tions were developed from the ankle joint moment–
angle relationship curves at every sub-phase of the
stance phase so as to determine the average DJS at the
ankle for each subject. The coefficient of determination
(r2) was used so as to evaluate the linearity of the data.
The periods of the stance phase, wherein the average
value of each subject group of r240.8, were considered
as periods in which the moment–angle relationship was
very close to a linear behaviour. Statistical differences
between different averages of linear behaviour per-
formed within the group (females or males) were tested
by the Wilcoxon non-parametric matched-pairs test.
The Mann–Whitney U non-parametric test was used to
test statistical gender differences between different
averages of linear behaviour performed within subject.
The two-tailed significance level of 0.05 was adopted.
3. Results

In two of the sub-phases of the stance phase, the
moment–angle relationship was considered to be very
close to linear, i.e., r240.8 (Table 1). Namely, in the
second and fourth sub-phases, a quasi-linear moment–
angle relationship was observed for both males and
females. The second sub-phase describes the absorption
of mechanical energy, whereas in the fourth sub-phase
mechanical energy is produced. Male participants
demonstrated significantly (po0.003) higher DJS, i.e.,
a stiffer behaviour, during the fourth sub-phase
(0.0844Nm/kg/1) than in the second sub-phase
(0.0596Nm/kg/1). Females participants demonstrated
significantly (po0.005) less DJS during the second phase
(0.0511Nm/kg/1) than during fourth sub-phase
(0.0691Nm/kg/1). No statistically significant differences
(p40.063) between female (0.0511Nm/kg/1) and male
(0.0596Nm/kg/1) participants were observed in the DJS
of the second sub-phase. Statistically significant differ-
ences (po0.001) between female and male participants
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Table 1

Average slopes (b1), coefficient of determination (r2) and the respective mean and standard deviation (SD) during all the sub-phases

Participant First sub-phase Second sub-phase Third sub-phase Fourth sub-phase

b1 (Nm/kg/1) r2 b1 (Nm/kg/1) r2 b1 (Nm/kg/1) r2 b1 (Nm/kg/1) r2

Female

F1 0.0027 0.076 0.0504 0.958 �0.1993 0.606 0.0724 0.984

F2 0.0134 0.680 0.0434 0.862 �0.0808 0.667 0.0675 0.967

F3 0.0105 0.724 0.0539 0.896 �0.1825 0.716 0.0635 0.987

F4 0.0082 0.880 0.0629 0.804 �0.2080 0.604 0.0850 0.984

F5 0.0130 0.716 0.0474 0.963 �0.0502 0.891 0.0491 0.978

F6 0.0064 0.628 0.0646 0.887 �0.0655 0.890 0.0715 0.987

F7 0.0164 0.801 0.0494 0.913 �0.0897 0.947 0.0705 0.987

F8 0.0055 0.475 0.0455 0.899 �0.0659 0.582 0.0796 0.978

F9 0.0149 0.803 0.1037 0.810 0.0858 0.979

F10 0.0118 0.425 0.0551 0.872 �0.0969 0.673 0.0560 0.979

F11 0.0085 0.902 0.0408 0.874 �0.1774 0.901 0.0643 0.966

F12 0.0122 0.865 0.0445 0.901 �0.1245 0.193 0.0566 0.972

F13 0.0093 0.502 0.0440 0.972 �0.1647 0.636 0.0493 0.983

F14 0.0116 0.702 0.0443 0.948 �0.2620 0.591 0.0703 0.974

F15 0.0040 0.355 0.0509 0.763 �0.0819 0.881 0.0865 0.985

F16 0.0124 0.972 0.0343 0.934 �0.1628 0.844 0.0676 0.968

F17 0.0126 0.738 0.0531 0.937 �0.2145 0.448 0.0747 0.931

F18 0.0073 0.634 0.0307 0.518 �0.2004 0.769 0.0738 0.977

Mean 0.0100 0.660 0.0511 0.873 �0.1428 0.696 0.0691 0.976

S.D. 0.0038 0.224 0.0157 0.106 0.0647 0.194 0.0114 0.013

Male

M1 0.0126 0.491 0.0614 0.812 �0.0604 0.766 0.0703 0.989

M2 0.0141 0.343 0.0611 0.882 �0.1380 0.884 0.0849 0.992

M3 0.0135 0.907 0.0508 0.962 �0.0742 0.566 0.1236 0.964

M4 0.0184 0.567 0.0398 0.976 �0.2963 0.876 0.0948 0.961

M5 0.0137 0.690 0.0440 0.548 �0.2503 0.516 0.0726 0.959

M6 �0.0012 0.037 0.0402 0.984 �0.2351 0.212 0.0713 0.987

M7 0.0119 0.702 0.0477 0.989 �0.2385 0.471 0.0964 0.994

M8 0.0227 0.696 0.0619 0.566 �0.2291 0.577 0.1055 0.976

M9 0.0092 0.629 0.0531 0.515 �0.0834 0.289 0.0903 0.990

M10 0.0170 0.697 0.0401 0.912 �0.2200 0.808 0.0773 0.965

M11 0.0069 0.315 0.0330 0.870 �0.2510 0.852 0.0683 0.986

M12 0.0192 0.675 0.0894 0.858 �0.0600 0.722 0.0849 0.952

M13 0.0156 0.562 0.0704 0.845 �0.1404 0.543 0.0821 0.969

M14 0.0158 0.701 0.0645 0.863 �0.0683 0.562 0.0840 0.988

M15 0.0113 0.772 0.0586 0.957 �0.0826 0.460 0.0755 0.983

M16 0.0102 0.470 0.0636 0.828 �0.1024 0.730 0.0899 0.956

M17 0.0051 0.066 0.0693 0.846 �0.0628 0.856 0.0835 0.992

M18 0.0169 0.581 0.0723 0.783 �0.1098 0.666 0.0788 0.989

M19 0.0300 0.812 0.0903 0.921 �0.1351 0.079 0.0896 0.977

M20 0.0182 0.869 0.0694 0.964 �0.3082 0.696 0.0874 0.985

M21 0.0092 0.492 0.0701 0.720 �0.1002 0.781 0.0607 0.980

Mean 0.0138 0.575 0.0596 0.838 �0.1546 0.615 0.0844 0.978

S.D. 0.0065 0.232 0.0155 0.142 0.0850 0.223 0.0138 0.013
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were observed in the DJS of the fourth sub-phase. Analysis
demonstrated that males present (0.0844Nm/kg/1) a stiffer
behaviour than females (0.0691Nm/kg/1).
4. Discussion

Characterizing the walking stance phase by dividing it
into sub-phases and the verification of its quasi-linear
behaviour of the joint moment–angle relationship is
common to several studies (Davis & DeLuca, 1996;
Frigo, Crenna, & Jensen, 1996; Hansen et al., 2004) and
gives the possibility of having a quantitative diagnostic
approach to the motor control behaviour output
supporting a biomedical, ergonomical, and exercise/
sport intervention. The results of our study also showed
that there is a significant part (two sub-phases) of the
production and absorption of mechanical energy at the
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ankle that can be translated into a linear moment–angle
relationship. This means that in a significant part of the
walking stance phase (two of the sub-phases), the same
kind of control is required over the ankle behaviour.
Similar to Davis and DeLuca (1996) and Hansen et al.
(2004), our results presented joint moment–angle curves
that created counterclockwise (hysteresis) loops, sug-
gesting that an augmented mechanical system would be
needed if we want to mimic the ankle joint behaviour
during the walking stance phase through athlete
supportive ankle springs and ankle prostheses.

During the second sub-phase, the female group had
an average slope of 0.0511Nm/kg/1 and the male
participants demonstrated an average slope of
0.0596Nm/kg/1. These averages were similar to the
results of Davis and DeLuca (1996), who presented a
value of 0.0598Nm/kg/1 for the average slope of the
second sub-phase performed during the walking stance
phase of 28 normal children. For both genders, the
results showed that the fourth sub-phase was typically
characterized by a greater stiffness than the second sub-
phase. These results do not agree with Frigo et al.
(1996), who showed that there were no differences
between the average slopes computed for similar sub-
phases of the walking stance phase. Perhaps this
difference between our results and the results reported
by Frigo et al. (1996) are due to differences in the
methodology used to identify the sub-phases. According
to Frigo et al. (1996), the sub-phase division points were
identified as the ones at which the slope changed more
than 71.5 times from the slope of the central part. This
method of finding separation points can identify
different points when compared to the method we used.
Specifically, a point used in our study as a separation
point, for instance the most intense value of the joint
angular positions in plantarflexion, can have a lower
slope change in the central part than in the surrounding
points. These surrounding points could also have slopes
that change more than 71.5 times from the slope of the
central part and become separation points, according to
Frigo et al. (1996). So, if the separation points (sub-
phase limits) vary between studies, the sub-phases can
also vary and the slope of the linear relationship can
vary as well.

The difference in DJS of the second and the fourth
sub-phases found in our study must be considered in an
augmented mechanical system that wants to mimic the
ankle joint behaviour during the walking stance phase.
Specifically, the rate of absorption of mechanical energy
should be less than the production of mechanical energy.
According to our results, females were less able to
produce mechanical energy through a stiffer sagittal
ankle behaviour during walking. This can be a handicap
when attempting to avoid sudden obstacles without
stopping. This could also be related to gender differ-
ences in abilities to perform lower extremity joint
moments rapidly (Cao et al., 1998). Because stiffness
contributes to biomechanical stability (Granata et al.,
2002), less stiff ankle behaviour in producing mechanical
energy by females could perhaps indicate a greater laxity
of the female ankle joint. Even if the literature is divided
with regard to whether or not ankle-joint laxity is a risk
factor for ankle sprains (Beynnon, Murphy, & Alosa,
2002), females had a 25% greater risk of sustaining a
Grade I ankle sprain compared with their male counter-
parts (Hosea et al., 2000). Therefore, less stiff ankle
behaviour by the females may be associated with an
increase of a risk of ankle sprains or other common
injuries associated with the lack of joint stability in
females. Nonetheless, future research is needed on this
topic to develop a consensus on ankle-injury risk
factors.

Several factors may explain why females revealed less
DJS of their ankles compared to males. Muscle
recruitment strategies and lower limb posture (Granata
et al., 2002), as well the material properties of the triceps
surae, may be related to a number of muscle architec-
tural factors (Blackburn et al., 2006). However, those
influences remain unknown and should be studied in
future research.

On the other hand, less stiff behaviour by the female
participants may also be an indicator that females use
ankle behaviour more in performing fine tuning control,
with the goal of minimizing horizontal head accelera-
tions or decelerations, therefore providing a stable
platform for the visual system (Winter, 1995). Those
influences of head accelerations or decelerations on the
ankle joint stiffness, as well as on body joints (i.e., lower
back joints, hip, and knee), remain unknown and should
be also studied in future research.

Athlete supportive ankle springs and ankle prostheses
can be enhanced based on the results of this study.
Moreover, preventative training programs designed to
prevent ankle injury may also benefit from the
biomechanical description of gender-specific DJS char-
acteristics demonstrated by females in this study by
focusing on the promotion of their better ability in using
the contractile components to produce mechanical
energy during bipedal locomotion gait.

This investigation attempted to improve knowledge
about DJS of the ankle in sagittal plane during natural
cadence walking in both genders. While the mathema-
tical and statistical treatments employed produced
results in agreement with previous literature using video
motion analysis (Davis & DeLuca, 1996), the method is
not without limitations. One such limitation is the bi-
dimensional video motion analysis system that may not
accurately capture the movement of ankle because there
is a three-dimensional motion during the walking stance
phase. Further research will be needed to focus on DJS
of the ankle in frontal and transverse planes. Further-
more, normalization of the joint moments by the
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participant’s body mass to calculate the DJS may not
effectively characterize the effects of anthropometric
factors. Future normalization of the DJS ratio estimat-
ing stress and strain allows for an assessment of
DJS independent of anthropometric factors (Blackburn
et al., 2006).
5. Conclusion

The results of this study suggest the main conclusion
that, during walking, the absorption of mechanical
energy at the ankle taking place during the second sub-
phase and the production of mechanical energy taking
place along the fourth sub-phase can be appropriately
described through models that are translated into a
linear (quasi-linear) moment–angle relationship. How-
ever, the fact that the remaining two sub-phases of the
stance phase cannot be described by linear models lets us
conclude that a torsion spring at the ankle is not the best
way of replacing a functional ankle joint. Less stiff ankle
behaviour in producing mechanical energy by females
should be taken into account in developing supportive
ankle springs and prostheses where the stiffness must be
adjustable considering the gender differences. Less stiff
ankle behaviour in producing mechanical energy by
females could perhaps indicate as well, a greater laxity
of the female ankle joint. Consequently, preventative
training programs designed to prevent ankle injury may
also benefit from gender-specific DJS characteristics
demonstrated by the females in this study. However,
further research is necessary to identify the causes of the
ankle DJS differences and association to the risk of
injury.
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