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A novel experimental analysis for the scientific study and evaluation of
sprained ankle

N. Nasseri, F. Almasganj, S. Najarian *, S. H. Farkoush

Abstract

Ankle sprains are the most common among athletic injuries and are responsible for great time lost in
athletes' practices. However, the scientific study and evaluation of this injury, in professional athletes, has
received less attention. This paper presents a novel experimental analysis to scientifically study the status of
athletes who suffer from ankle sprain and also to make a scientific comparison between athletes who suffer
from ankle sprain, and normal cases. This evaluation can ultimately help physicians determine the best time for
those cases who suffer from ankle sprain to restart their activities. In this study, three normal cases and three
volunteers with a sprained ankle (sex: M, age = 17 + 5 yr, height = 1.85 + 0.05 m, body mass = 85 + 10 kg,
foot length = 244-245 mm) who all of them gave consent to be tested, have participated in a designated test.
Four features (whole force on each foot during its mid-stance phase, mid-stance phase duration, swing phase
duration, and supination torque) have been selected and extracted. Results have shown that, the first three
features are essential in studying the status of athletes with sprained ankle and can be beneficial in evaluating

the status of sprained ankle cases during healing process.
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Introduction

The scientific study and evaluation of the status
of athletes after injury, is among the biggest chal-
lenges in sports medicine practice. The importance of
this study and evaluation is to help decide when an
athlete has sufficiently recovered from an injury and
can return to his/her sport’™. This issue is important
because quite often the physician is under pressure
from various sources to return the athlete back to play
quickly after injury. But if an athlete returns to play
before an injury has adequately healed, there is a risk
of re-injury, which could add significantly to the time
already lost from the sport. Besides, a worse possibility
is the occurrence of a new injury due to compensation
for a previously unhealed injury.

Ankle sprains are among the most common

19 This injury is common among

sporting injuries
athletes in running and jumping sports as well as
basketball players, and is responsible for great time
lost in their practice '". Besides, early assessment of
sprained ankle is very important because it can limit
the rest time for injured people especially for an injured
athlete who wants to decrease time lost in practice
1214 Moreover, continuous evaluation of the status
of sprained ankle can help the physician to determine
the proper time for the athlete to restart his/her sport
activities. The high number of professional athletes suf-
fering from ankle sprain related to their sport activities
and the importance of this injury in their professional
life call for an in-depth scientific evaluation of the
status of these cases after injury.

This paper presents a novel experimental
analysis which can be used to make a comparison
between athletes who suffer from ankle sprain and
normal cases. This evaluation can ultimately help to
determine the best time for those cases who suffer
from ankle sprain to restart their activities. Previously,

evaluation of plantar pressure distribution, during gait

in athletes with Functional Instability (FI) of the ankle
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joint was performed to address the hypothesis that
the gait characteristics differs between normal subject
and athletes suffering from FI of the ankle joint .
Many researchers study plantar pressure distribution
in patients with diabetic neuropathy "”. Su, Xu, and
Yi-Ning have proposed a novel gait analysis system
based on adaptive neuro-fuzzy inference system .
Liu, Inoue, and Shibata have developed a wearable sen-
sor system for quantitative gait analysis "”. Artificial
neural network is highly efficient and it was used for
gait recognition ¥

Gait impairment is a significant problem in
cases with sprained ankle, leading to decreased activ-
ity and limitations in function 19 Besides, walking,
requiring high coordination of the neural systems and
muscles, is a complex activity "°. This complexity can
be reflected in foot pressure patterns during walking.
Acquiring and processing this large numbers of com-
plicated data needs a computerized analysis system to
be done in a short time.

In this paper, we present a novel experimental
analysis which evaluates foot pressure due to gait im-
pairment in cases with sprained ankle. This system is
capable of extracting useful features and information,
from a large number of original gait data, quickly and
gives reliable results. Results can compare data from
an athlete with sprained ankle and a normal case and
ultimately can lead to clarifying health status of the
athlete with sprained ankle. Ankle sprains are the most
common of all athletic injuries and occur when the
ankle is turned unexpectedly in any direction that is
further than the ligaments are able to tolerate *”. Most
sprains occur during sports which involve jumping and
side to side movement like basketball, volleyball, and
soccer Y More often than not, athletes are the ones
who always experience ankle sprains. Since they often
utilize their bodies and at some times prove to overtax
their limits, this can result in sprained foot. Addition-

ally, continuous jumping and running takes its toll upon
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the ankle and the muscles within ®". Ankle sprains are
classified in three different groups according to their
severity. Sprains grade 1 are those with stretched and/
or minor tear of the ligament without laxity. Grade 2
covers those sprains with tear of ligament plus some
laxity. In grade 3 the patient faces complete tear of
the affected ligament.

Nowadays, one of the most important problems
in sports medicine practice is deciding when an ath-
lete has sufficiently recovered from an injury and can
return to sport. Doctors use different ways to evaluate
the status of the athlete after the occurrence of ankle
sprain. They may order X-rays, or move the ankle in
various ways to see the status of the injured ligament.
They may even order an MRI (magnetic resonance
imaging) if they suspect a very severe injury to the
ligament with no improvement *”. X-ray and MRI are
relatively expensive, and X-ray has additional radiation
exposure problems that may impose potential health
risks. Palpation also has various disadvantages. It is
subjective and experience dependent. The gait analysis
method proposed in this paper, can give objective and
reliable results. The details will be explained in the

following sections.

Materials and methods
Materials

A fifty-nine pressure sensor (59PS) system was
used to provide necessary pressure data which were
essential for the evaluation of foot pressure in the
cases with sprained ankle. The system was a simple
and low-cost device and was designed specifically for
evaluating ankle sprains. This system had the ability to
provide essential information for ankle sprain evalua-

tion and to eliminate unnecessary information.

The insole was flexible and its thickness was
0.35 mm. This system, with its Round-shaped FSRs
(Force Sensing Resistors) which were 8.0 mm in
diameter, had been used as foot-pressure monitoring
system in previous studies ®*.

Figure 1 (a) and (b) shows size and structure
of the system and pressure sensors. As it is obvious
in Figure 1 (a), the insole is in the size of a normal
foot (24.7cm long, 8cm wide in forepart and 10.9cm
wide in back part).

The system includes an interface circuit for
transmitting data to computer. The interface circuit
consists of four analog multiplexers. These analog
multiplexers can be used to transfer the data from
64 pressure sensors to the microprocessor. In this
study, 59 input ports of the interface circuit are used,
though. The interface circuit’s dimensions are 9 cm
by 5 cm and by 7 cm (height). The pressure sensors'
output, which was collected by a micro-processor unit,
converts to a 10-bit digital signal (0-1,023), at a se-
lected frequency of 100 Hz. The collected data were
transmitted through a serial connection to a computer.
Data can be saved in “.txt’ format, in the computer
after transmission. Sensor array was scanned to get
pressure data and then process response value of the

SEnsors every time.

System specification
The system has already been calibrated and
Figure 2 (a) shows the calibration system. The cali-

bration diagram is also shown in Figure 2 (b).
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Figure 1 (a) Size and structure of designed system and pressure sensors. (b) Final fabricated system.
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Figure 2 (a) Calibration system. (b) Calibration diagram.

The saturation limit for the sensors used in this  put, the output was double-checked by tension testing
study is obtained as 784 N. Besides, the resolution of  system (Zwick/Roell) as it is shown in figure 3 and
the sensors is measured as 1 N and the dead band as  minimum accuracy of 95 % was reported.

0.8 N. To examine the accuracy of the sensors’ out-

Figure 3 Testing the accuracy of the sensors’ output by tension testing system (Zwick/Roell).
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Clinical test

The experimental study was performed with
six left-legged (dominant foot: the left one) male ath-
letes (sex: M, age = 17 + 5 yr, height = 1.85 + 0.05
m, body mass = 85 + 10 kg, foot length = 244-245
mm), who all gave consent to be tested. There were
two groups of participants. The first group was the
one that we refer to as control group. In the control
group there were three participants that had no history
of ankle sprain and they also had no other remarkable
lower limb injury, which means that they had never
been under treatment because of an injury in their
lower limbs. The second group (test group) was also
consisted of three participants with a sprain that had
recently occurred to their left ankle. This means that
they (i.e., those in the test group) participated in this
test before they tried any kind of treatment. In this
group, participants may have had some background
in ankle sprain (in their left foot) but they have had
neither other remarkable lower limbs injuries nor any
history of sprain in their right foot. The type of the
injury for the participants in this group has been as-
sessed to be grade 2, according to the assessment of
a professional chiropodist. In this group, the test was
conducted between five to ten hours after the injury.
To start the test, participants wore the sandals with
pressure measurement insole in one of them and per-
formed two trials of walking in a clinic. Participants
were requested to precede ten steps in their natural
cadence, in each trial.

Each athlete repeated the test a couple of times,
and in each time, data collected from a different foot.
The foot pressure system was used for measuring the
plantar pressure at 59 positions covering the whole
plantar area at 100Hz. Data collected during one

minute and saved as a ".txt" file.

Segmentation and feature extraction

Feature extraction is a key step in most pat-
tern analysis tasks. First step in feature extraction is
segmenting the signal. The gait cycle can be divided
into different phases and sub-phases, so that each ac-
tion of the foot and leg can be evaluated at specific
sequential time periods. The gait cycle of each leg is
divided into the stance phase and the swing phase.
The stance phase is the period of time during which
the foot is in contact with the ground. The swing
phase is the period of time in which the foot is off the
ground and swinging forward. There are also several
sub-phases. Among the sub-phases, mid-stance is used
in this study. During mid-stance the other foot is in
swing phase and so all the body weight is born on
the stance limb alone. This means that mid-stance is
a time when lower limb is particularly susceptible to
injury. Mid- stance is also the longest phase of the
stance period.

In this paper, segmentation has been done in
a way that parts of gait signal which are relevant to
mid-stance phase have been separated. In this way,
sensor's outputs were detected as mid-stance phase
when more than 80 % of pressure sensors were ON
(under pressure). This kind of segmentation can make
a large piece of useful information available.

A normal gait is symmetric. It means that gait
patterns are similar in both feet in comparison with

each other **%

. Monitoring gait of a person with
sprained ankle, during healing period and determin-
ing the similarities between feet can help to find out
the efficiency of healing process and the health status
of the athlete. However, what comes to mind about
athletes with sprained ankle is that, due to pain sen-
sation in the sprained ankle foot, after the injury the
athlete cannot distribute his mass equally between his
feet. Besides, the athlete after injury is prevented from

walking through his injured foot and prefers to exert

minimum pressure on his injured ankle. Supination
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torque is another factor which is important in sprained
ankle cases. Because ankle sprain may lead to ankle
instability which puts the athlete in danger of recur-
rent sprains, supination torque may increase during
mid-stance phase.

In the next step, to reduce the complexity of
classifiers the most significant features should be
selected and extracted. Features must be selected in a
way that can clarify the differences between classes.
According to information about the differences between
a normal gait and gait in an athlete with sprained ankle,
in this research work, we selected four features from
gait signal. Selected features include: maximum force
on each foot during the mid-stance phase, mid-stance

phase duration, swing phase duration, and supination

j/-.-""

torque during mid-stance phase. Considering previ-
ous works, supination torque can easily be calculated

through equation 1 2.

SupT(N.m)=-2.068+0.0910x(P,)+1.318x(P, )+1.549x
(P, )+error (1)

The three locations were approximately at the
fourth/fifth metatarsalphalangeal joint (Position 60),
the third metatarsalphalangeal joint (Position 72), and
the second/third distal phalange (Position 98) as they
are shown in Figure 4® Besides, the overall root
mean square error was obtained 6.91Nm, which was
about 6% of the peak values recorded in the five sport

motions (113Nm)®?.

3\

= 14

S

/

Figure 4 Three essential locations: fourth/fifth metatarsalphalangeal joint (Position 60), the third metatars-

alphalangeal joint (Position 72), and the second/third distal phalange (Position 98), for calculating

the supination torque according to equation 1.

Results

MATLAB (version 7) was used for changing
"txt" files to matrices, and also segmentation, and
feature extraction. Eight features were extracted from
each subject. Each four features in any subjects, was
relevant to each foot. Comparison between control
group and athletes with symptoms of ankle sprain has

been made through bar diagrams.

J Med Tech Phy Ther e Vol.23 No.1 e January-April 2011

Figure 5 shows the extracted features, from
left foot and right foot of a participant, as a sample of
sprained ankle group, with 90kg weight, 188cm height,
and 245mm foot length. This participant (mentioned
above) was a wrestler with symptoms of sprained ankle
in his left foot. In all cases, sprained ankle diagnosis

was made by an expert physician.
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In all the figures below, bars which are relevant ~ are twenty times greater than their real magnitudes.
to mid-stance duration and swing duration are five hun-  Figure 6 clarifies the differences between extracted

dred times and the bars relevant to supination torque  features in three athletes with symptoms of ankle sprain.
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Figure 5 Feature comparison between normal and injured foot in an athlete with sprained ankle.
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Figure 6 Differences in extracted features for each volunteer athlete.
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In Figure 7, differences between extracted features in a sample normal case is obvious.
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Figure 7 Feature comparison between feet of a volunteer normal athlete.

In order to show the differences between mag-  from a participant with sprain ankle and a normal

nitudes of each feature in the group with a sprained  participant are provided (Table 1 and Table 2).

ankle in comparison with the control group, the data

Table 1. Magnitude of each feature in an athlete in the group with sprained ankle.

Type of foot Whole Force Mid-stance Swing Duration Supination
Duration S
N © (N.m)
(s)

Right Foot 888 0.3361 0.6037 29.3210

Left Foot 668 0.2193 0.8401 40.6462
(Sprained)

Difference -32.93% -53.26% 28.14% 27.86%
Between Two

Feet%

Table 2  Magnitude of each feature in an athlete in the control group.

Type of foot Whole Force Mid-stance Swing Duration Supination
Duration (s s
Right Foot 611 0.3990 0.7556 23.6806
Left Foot 587 0.4041 0.7621 19.8212
Difference -4.09% 1.26% 0.85% -19.47%
Between Two
Feet%

J Med Tech Phy Ther e Vol.23 No.1 e January-April 2011
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Discussion

To our knowledge, this is the first reported
system which is capable of extracting useful features
from foot pressure signal, in order to evaluate the
status of an athlete after ankle sprain. Four features
have been extracted and significant differences were
visible between control (normal athlete) group and the
group with a sprained ankle. As Figures 5-6 show,
significant differences in the magnitude of four ex-
tracted features are visible between the normal foot
and sprained ankle foot in the group of athletes with a
sprained ankle. Comparison between Figures 5-6 and
Figure 7 which is relevant to a normal athlete in the
control group determines that although the magnitude
of the whole force on foot during mid-stance, mid-
stance phase duration and swing phase duration are
almost the same in feet of a normal case, significant
differences are visible between the magnitude of these
features between feet of a case with a sprained ankle.
Figure 6 shows that during mid-stance phase, the
amount of exerted force on each foot differs between
feet of an athlete with sprained ankle although they
are almost the same between feet of a normal case.
Moreover, the mid-stance phase duration is different
between feet of an athlete with sprained ankle, albeit
mid-stance phase durations are the same in both feet
of a normal athlete in the control group. The same
explanation is true about the swing phase. Although
the swing phase duration does not change severely
between feet of a normal case, it differs significantly
between feet of a case with sprained ankle. Figure 6
also shows an increased supination torque in sprained
ankle in comparison with a normal foot in the same
athlete. However, the same difference is obvious in
a normal case in Figure 7. Therefore, the difference
cannot be only because of sprained ankle. Other fac-
tors such as bad habits in walking can also cause this

difference.

As it is obvious in Tables 1 and 2, in an athlete
with a sprained ankle, the whole force on the sprained
ankle, during its mid-stance phase, is apparently less
than the whole force on the normal foot of the same
athlete, during its mid-stance phase. It means that,
due to ankle pain in the sprained ankle, the volunteer
athlete with sprained ankle prevents himself from
exerting his whole weight on the sprained ankle and
prefers to distribute his weight between two feet when
the sprained ankle is on the ground. Table 1 clarifies
that the athlete has exerted only 75 % of his weight
(Body mass: 90 kg) on his sprained ankle, during its
mid-stance phase.

It is also obvious that, due to ankle pain in
an injured volunteer athlete, the athlete prefers to
minimize the time which his sprained ankle is on the
ground and tries to move forward by maximizing swing
phase in his abnormal ankle. Therefore, according to
the data in Tables 1 and 2, mid-stance phase duration
in sprained ankle has decreased 53.26 % and the swing
phase duration has increased 28.14 %.

Table 1 also demonstrates that supination torque
is larger in a sprained ankle in comparison with a
normal foot. However, as it is obvious from Table
2 other factors are also responsible for increasing
supination torque, such as bad walking habits, etc.
Thus, increased supination torque may also happen
in a normal case and it is not a significant feature in
evaluating sprained ankles.

As it is discussed above, in this study we were
able to distinguish a group of athletes with sprained
ankle from those athletes who did not have a sprained
ankle. Additionally, these results have been obtained
by a few number of data from just 59 sensors which is

incredibly less and more simple than previous studies.

Conclusion
A 59-PS system has been used to get essential

data from different volunteers both in control group
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and in a group which includes athletes with sprained
ankle. Three normal cases and three volunteers with
a sprained ankle (sex: M, age = 17 + 5 yr, height =
1.85 + 0.05 m, body mass = 85 + 10 kg, foot length
= 244-245 mm) who all of them gave consent to be
tested, have participated in the test. MATLAB (ver-
sion 7) has been used to convert data that is saved
in computer, to matrices and extract essential features
from them.

Four features have been selected and extracted.
Selected features include: whole force on each foot
during its mid-stance phase, mid-stance phase dura-
tion, swing phase duration, and supination torque.
Results have shown that, the first three features are
essential in evaluating sprained ankle cases. Since in
sprained ankle, exerted force on foot, and mid-stance
phase duration is less and swing phase duration is
more in comparison with a normal foot, monitoring
these features during healing process can help the
physician or the physiotherapist a great deal. These
medical evaluations can facilitate the clinician’s task
in finding out when the foot pressure signal shows
that the athlete has become close to his normal status

and can go back to sport world.
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