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Research Paper
Sand Exercises Altered Muscular Frequency Content 
in Individuals With Anterior Cruciate Ligament 
Reconstruction and Pronated Feet During Walking

Purpose: This study investigates the effects of exercises on sand on the frequency content of the 
lower limb muscles in individuals with anterior cruciate ligament reconstruction and pronated 
feet during walking.

Methods: This was a semi-experimental and laboratory-type study. The study samples included 
28 male students with pronated feet and anterior cruciate ligament reconstruction aged 22 to 25 
years. The participants were randomly allocated into the following two groups: The experimental 
and the control group. The electrical activity of the lower limb muscles was recorded using an 
electromyography system before and after performing the exercises. The statistical analysis was 
done using a two-way analysis of variance method with a significance level of 0.05.

Results: The findings showed that the main effect of time for the frequency content of the tibialis 
anterior, medial gastrocnemius, vastus medialis muscles during loading and push-off phases, 
the vastus lateralis muscle during the mid-stance, the rectus femoris at the mid-stance and push-
off phases, semitendinosus muscle during the loading, mid-stance and push-off phases, biceps 
femoris muscle during the mid-stance and push-off phases, and gluteus medius muscle during the 
push-off phase (P<0.039; d=0.166-0.606).

Conclusion: The group-by-time interaction for the semitendinosus muscle during the loading 
phase was significant. Exercise on sand can improve walking performance by altering muscular 
frequency content. 
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Introduction

he skeletal-muscular system of the human 
body is an interconnected set and changes 
in any part of it can affect other parts and 
cause problems in basic motor skills, such 
as walking [1, 2]. Walking activity is one 
of the main tasks of the lower body, by 

performing various actions, such as absorbing, the forces 
resulting from the impact of the foot on the ground, main-
taining balance, and producing forward forces, plays an 
essential role in creating an integrated and properly co-
ordinated pattern of walking [2-4]. A previous study has 
shown that natural walking requires neurally controlled 
commands, force generation by the muscles, and a spe-
cific range of motion for each case. This means that if it 
occurs in any of these cases, it can cause abnormal walk-
ing [5]. Abnormal walking causes various complications 
in the lower limbs—one of the factors that may cause 
injury while walking is foot pronation [6].

Pronation of the foot involves the reduction of the me-
dial longitudinal arch along with the navicular bone on 
the medial surface of the foot, which can cause anatomi-
cal abnormalities [7]. This devaluation in the height of 
the internal longitudinal arch depends on the condition 
of the plantar bones and ligaments, leg and foot muscles, 
and plays an important role in maintaining balance and 
performing movement abilities and skills [7]. Foot pro-
nation is a combination of heel eversion, foot abduction, 
and ankle dorsiflexion, which occurs in the subtalar and 
midtarsal joints and affects the longitudinal-internal arch 

of the foot [8, 9]. These additional movements caused 
the lack of shock absorption in these joints during transi-
tion movements [8, 9]. Excessive pronation during the 
support phase of walking leads to increased flexibility 
and, thus bringing instability of the subtalar and midtar-
sal joints [8, 9]. People with overpronation suffer from 
many biomechanical inefficiencies in the foot and ankle 
[10]. Foot pronation can cause biomechanical irregulari-
ties in a person’s performance, which also leads to Achil-
les tendon pain, leg pain, hamstring strain, and quadri-
ceps muscle strain [11]; therefore, the pronated foot 
leads to impaired posture control, impaired absorption of 
pressures on the soles of the feet, the occurrence of lower 
limb injuries, and changes in the mobility of the ankle 
and foot joints, which, secondarily, probably causes 
changes in the electrical activity of the muscles [12-
15]. Therefore, in addition to the changes in the stand-
ing position, the abnormalities of this part also affect the 
movement [7]. Overpronation of the foot is considered a 
major contributing factor in lower limb injuries [16]. It 
has been reported that between 0.6% and 8.5% of male 
players experience an injury to a ligament called the an-
terior cruciate ligament each year [9]. Knee injuries ac-
count for approximately 61% of sports injuries [17]. The 
pronation of the foot and internal rotation of the tibia are 
coupled with each other and create torsional forces [16]. 
This torsional stress may lead to ligament tears or dislo-
cation-induced fractures [16]. The compensatory mecha-
nism caused by muscle weakness in some other muscles 
can cause a disturbance in the ratio of muscle forces and 
then cause changes in the movement pattern [2].

T

Highlights 

• The frequency content of the tibialis anterior muscle in the loading and push-off phases decreased in the post-test 
compared to the pre-test.

• Exercise on sand can improve walking performance by altering muscular frequency content.

Plain Language Summary 

Sand exercise can be a suitable treatment method for individuals with anterior cruciate ligament reconstruction and 
pronated feet. This study investigates the effect of exercises on sand on the frequency content of the lower limb 
muscles in individuals with anterior cruciate ligament reconstruction and pronated feet during walking. The results 
demonstrated the main effect of time for the frequency content of the tibialis anterior, medial gastrocnemius, vastus 
medialis muscles during loading and push-off phases, the vastus lateralis muscle during the mid-stance, the rectus 
femoris at the mid-stance and push-off phases, semitendinosus muscle during the loading, mid-stance and push-off 
phases, biceps femoris muscle during the mid-stance and push-off phases, and gluteus medius muscle during the 
push-off phase. Sand exercises can improve muscular performance in individuals with anterior cruciate ligament 
reconstruction and pronated feet during walking.
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In pronation, the fibularis, gastrocnemius medialis, so-
leus, iliotibial band, hamstrings, hip adductors, and il-
iopsoas muscles become functionally short (overactive), 
and the posterior and posterior and anterior calf muscles, 
vastus medialis, gluteus medius, and maximus, exter-
nal rotators of the hip are inhibited [18, 19]. Evidence 
suggests that individuals with foot pronation exhibit 
increased levels of muscle electrical activity in certain 
muscles that are involved in the ankle joint, such as the 
tibialis posterior and anterior, dorsi flexors, and plantar 
flexors while displaying decreased levels of electrical 
activity in the evertor muscles, specifically the peroneus 
muscle [14, 20-22]. It seems logical that the change in 
the electrical activity of the muscles leads to a change 
in the function of the muscles and a decrease in their ef-
ficiency [2]. Effective rehabilitation programs for foot 
and ankle injuries have been successful in clinical trials, 
and programs focus on exercise therapy to improve joint 
range of motion, muscle strength, neuromuscular coordi-
nation, and gait mechanics [23]. 

Sand exercises can be included during treatment be-
cause they are free of cost and accessible to many people 
worldwide [24]. More importantly, training on the sand, 
which is an unstable and unpredictable surface, can have 
a positive effect on the biomechanics of human move-
ment [24]. Greater electrical activity has been observed 
in muscles, such as gastrocnemius medialis, hamstrings 
(semi-membranous and biceps femoris), vastus lateralis 
and vastus medialis, rectus femoris, and the iliotibial 
band when running on sand compared to running on a 
hard surface [25]. Another study showed that due to the 
decrease in the elastic energy of the surface, more mus-
cles are greater active while walking on sand surfaces 
[26]. An interventional study investigated the effect of 
eight weeks of exercise on the sand on walking kinetics 
and muscle activities in patients with pronated feet [24]. 
They observed lower vertical and lateral peak forces and 
increased electrical activity of lower limb muscles (e.g. 
vastus lateralis) after exercise. Accordingly, walking and 
running exercises on sand are recommended as an effec-
tive therapy for people with pronated feet.

To the authors’ knowledge, no study is available that 
examines the effects of walking on sand on the frequen-
cy content of electrical activity in subjects with anterior 
cruciate ligament injuries and pronated feet during walk-
ing. Therefore, this study determines the effect of exer-
cises on the sand on the frequency content of electrical 
activity in people with anterior cruciate ligament injuries 
and pronated feet during walking.

Materials and Methods

This was a semi-experimental and laboratory-type 
study. The statistical sample size of the present study was 
28 people (n=14 in each group). The statistical power of 
0.8 was estimated at the significance level of 0.05 in the 
G*Power software. The statistical population of this re-
search was males with the age range of 22 to 25 years 
who voluntarily participated in this research. The inclu-
sion criteria were male gender, age range between 22 to 
25 years, and at least a history of anterior cruciate liga-
ment reconstruction for 6 months, anterior cruciate liga-
ment reconstruction in one leg, having a pronated foot, 
passed six months after surgery, and ability to walk inde-
pendently. The exclusion criteria were having a history of 
surgery or orthopedic disorders (except for anterior cruci-
ate ligament reconstruction), the difference in the lower 
limbs, and using any braces.

According to the medical records of the subjects, all the 
people who were placed in the anterior cruciate ligament 
reconstruction group had a complete anterior cruciate lig-
ament tear that was operated by arthroscopic surgery, and 
these people also had pronation. During the call, only 28 
subjects had the conditions to enter the research in the an-
terior cruciate ligament injury group, who were selected 
with available sampling. The subjects’ dominant leg was 
determined by the soccer ball shot test. All subjects were 
right-footed. After justifying the subjects and mentioning 
the ethical considerations of the research, as well as men-
tioning the tips and training that did not interfere in the 
process of conducting research and data collection, the 
person was asked to wear sports clothes to prevent injury, 
and before performing the test, perform the initial heat-
ing. Then, the subjects walked on a 15-m path. Next, the 
experimental group performed the exercise protocol for 8 
weeks, during which the control group did not do any ex-
ercises. Once more, after the completion of 8 weeks, the 
information on the electrical activity of the muscles was 
recorded in the act of walking. To record electromyogra-
phy signals, an electromyogram device (Biometric Ltd, 
Nine Mile Point Ind Est, Newport, UK) was used. Before 
the electrode placement, excess hair was shaved and the 
skin was cleaned with alcohol and medical cotton. The 
placement of surface electrodes for recording electrical 
signals on selected muscles (tibialis anterior, gastrocne-
mius medialis, vastus medialis, vastus lateralis, biceps 
femoris, rectus femoris, semitendinosus, and gluteus me-
dius) was determined according to the SENIAM protocol 
[27]. Surface electromyography signals were recorded 
with a sampling rate of 1000 Hz. The Biometrics Da-
taLITE program, version 3.1 was used for data analysis, 
and the data were filtered by a 10-500 Hz low-pass filter.
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Exercise protocol

For eight weeks, the experimental group engaged in 
walking and other activities on the sand. The program in-
cluded jogging, striding, bounding, galloping, and short 
sprints. The group attended three sessions per week [28]. 
The exercise program was performed with bare feet. 
The start of each session included a 5-min warm-up and 
stretching, followed by a 5-min warm-up at the end [28]. 
The exercise duration was 50 min in each session [29]. A 
physiotherapist supervised each session to ensure proper 
technique and make necessary adjustments to the exercise 
program, including modifications or progressions. After 
the intervention, the experimental group was re-evaluat-
ed with the same strategies as the primary assessment. A 
check-up was planned for six days after the last exercise 
session to make sure that any immediate physiological re-
sponses to the exercise did not affect the measurements. 
The control group performed the same exercises at the fut-
sal hall level and were re-evaluated after 8 weeks.

The normality of data distribution was assessed using 
the Shapiro-Wilk test. For statistical analysis, the two-
way analysis of variance test was utilized. The SPSS 
software, version 26, was employed for all analyses.

Results

The anthropometric specifications are listed in Table 1.

The findings showed the main effect of time for the 
frequency content of the tibialis anterior, medial gas-
trocnemius, vastus medialis muscles during loading 
and push-off phases, the vastus lateralis muscle during 
the mid-stance, the rectus femoris at the mid-stance 
and push-off phases, semitendinosus muscle during the 
loading, mid-stance and push-off phases, biceps femo-
ris muscle during the mid-stance and push-off phases, 
and gluteus medius muscle during the push-off phase 
(P<0.039, d=0.166-0.606; Table 2).

Significant group-by-time interactions were watched 
for semitendinosus (ST) activities during the loading 
phases (P=0.039, d=0.154; Table 2).

Discussion

This study determined the effect of exercises on the 
sand on the frequency content of electrical activity of the 
lower limb in people with anterior cruciate ligament in-
jury and peroneal foot while walking. According to the 
findings, the frequency content of tibialis anterior mus-
cle activity in the response phase of loading and push-
ing decreased in the post-test relative to the pre-test. In a 
study, Herbaut et al. (2017) investigated the efficacy of 
the lifespan of sports shoes on the biomechanical vari-
ables of children during running and showed the amount 
of ankle dorsiflexion in 41-62 and 88-100 (pushing). The 
percentage of the support phase was reduced when us-
ing used shoes; however, no significant difference was 
reported in the amount of ankle dorsiflexion and knee 
flexion during the two conditions of using new and used 
shoes, at the moment of heel contact [30]. Since the tibi-
alis anterior muscle is the largest dorsiflexor muscle in 
the ankle area [31], the decrease in ankle dorsiflexion 
after the pushing phase test can lead to low activity of 
this muscle in this condition.

The findings of this study showed that exercises on the 
sand had a significant effect on the frequency content of 
the gastrocnemius medialis muscle during the push phase 
so the activity of this muscle increased after the test. The 
gastrocnemius medialis muscle is an anti-gravity muscle 
that plays an important role in walking [32]. This muscle 
is activated in the middle phase of support when bend-
ing the knee joint and its activity increases suddenly dur-
ing the pushing phase, also in the early part of the swing 
phase when bending the knee joint to prevent the foot 
from hitting the ground [33]. People with genu-varum 
need more activity of the gastrocnemius medialis mus-
cle compared to healthy people to maintain their posture 

Table 1. Anthropometric specifications of the subjects

Parameter
Mean±SD

Control Group Experimental Group

Age (y) 24.21±1.05 24.28±1.06

Height (cm) 178.14±5.92 175.71±4.56

Weight (kg) 72.57±6.64 71.57±4.36

Body mass index (kg/m2) 22.84±1.49 23.20±1.56
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Table 2. Group-specific pattern data for biomechanical muscle activity data

Muscle Activities (Hz)

Pa
ra

m
et

er

Component

Mean±SD
P (Effect Size Cohen d)

T-value (Effect Size)

Control Group Experimental Group Main Effect
Interaction

Pre-test Post-test Pre-test Post-test Time Group Group×Time

TA

LR 98.79±28.14 79.69±13.73 101.71±32.18 85.02±10.73 0.003 (0.287)* 0.547 (0.014) 0.830 (0.002)

MS 92.30±22.25 97.12±36.19 85.96±21.79 114.79±57.55 0.110 (0.095) 0.569 (0.013) 0.248 (0.051)

PO 113.49±21.79 98.41±24.41 135.93±45.12 85.13±26.39 0.000 (0.606)* 0.187 (0.066) 0.165 (0.73)

Gas-M

LR 115.07±25.50 91.82±18.36 102.06±26.28 88.60±32.02 0.000 (0.444)* 0.374 (0.031) 0.235 (0.054)

MS 87.75±20.65 95.63±33.84 87.66±31.55 91.57±31.12 0.497 (0.018) 0.778 (0.003) 0.819 (0.002)

PO 72.21±30.53 108.43±38.43 74.02±16.77 107.06±47.29 0.002 (0.304)* 0.979 (0.000) 0.878 (0.001)

VM

LR 71.43±33.04 97.20±26.28 89.12±32.78 95.73±35.21 0.008 (0.240)* 0455 (0.022) 0.102 (0.099)

MS 88.44±26.59 94.10±28.69 100.73±46.90 101.09±28.41 0.713 (0.005) 0.335 (0.036) 0.747 (0.004)

PO 104.13±30.82 67.21±17.47 100.74±37.88 79.27±19.18 0.000 (0.380)* 0.567 (0.013) 0.301 (0.041)

VL

LR 85.00±34.94 92.50±27.44 87.89±25.71 101.26±49.22 0.258 (0.049) 0.563 (0.013) 0.748 (0.004)

MS 128.15±40.54 114.35±24.97 112.93±38.91 95.45±28.86 0.033 (0.162)* 0.126 (0.088) 0.794 (0.003)

PO 114.44±42.24 97.26±23.54 94.38±28.09 96.89±23.98 0.378 (0.030) 0.218 (0.058) 0.239 (0.053)

RF

LR 71.66±23.20 93.47±47.03 88.18±22.06 94.88±43.78 0.175 (0.070) 0.325 (0.037) 0.466 (0.021)

MS 73.11±21.16 81.96±22.67 85.02±28.18 99.96±35.36 0.014 (0.210)* 0.121 (0.090) 0.508 (0.017)

PO 106.44±33.18 88.32±28.10 118.60±37.44 99.27±38.44 0.028 (0.173)* 0.272 (0.046) 0.941 (0.000)

ST

LR 96.38±32.58 96.45±41.42 80.21±42.58 119.67±41.53 0.039 (0.153)* 0.771 (0.003) 0.039 (0.154)

MS 77.23±12.31 65.10±17.27 91.63±37.69 70.49±20.90 0.026 (0.177)* 0.096 (0.103) 0.528 (0.016)

PO 125.63±43.99 113.78±31.43 123.09±30.02 108.58±42.73 0.026 (0.177)* 0.770 (0.003) 0.813 (0.002)

BF

LR 84.77±31.42 116.62±23.58 97.98±26.27 120.36±33.31 0.000 (0.445)* 0.365 (0.032) 0.433 (0.024)

MS 76.98±35.56 99.61±45.86 77.45±20.78 99.72±24.89 0.024 (0.181)* 0.973 (0.000) 0.985 (0.000)

PO 79.84±14.35 84.44±20.06 86.72±14.84 87.24±20.60 0.570 (0.013) 0.342 (0.035) 0.652 (0.008)

Glut-M

LR 107.41±43.35 97.61±42.42 112.25±54.70 85.86±22.80 0.091 (0.106) 0.781 (0.003) 0.428 (0.024)

MS 104.63±50.56 84.74±35.95 100.27±45.69 86.20±39.81 0.161 (0.074) 0.900 (0.001) 0.806 (0.002)

PO 93.32±27.58 79.75±30.10 100.86±44.69 77.83±28.87 0.032 (0.166)* 0.777 (0.003) 0.562 (0.013)

Abbreviations: LR: Loading response; MS: Mid-stance; PO: Push-off; TA: Tibialis anterior; Gas-M: Gastrocnemius medialis; 
VM: Vastus medialis; VL: Vastus lateralis; BF: Biceps femoris; ST: Semitendinosus; RF: Rectus femoris; Glut-M: Gluteus me-
dius; SD: Standard deviation.
*Significant P<0.05.
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because these people need more than healthy people to 
control the dynamic posture of the lower limb, which is 
the condition of the subtalar and midtarsal joints. Also, 
Madadi-Shad et al. (2020) reported that people with 
back pain compared to healthy people had less electrical 
activity in their gastrocnemius medialis muscle, which 
lower activity of this muscle caused a decrease in speed 
in these people [34]. Therefore, training on sand with an 
increase in the activity of the gastrocnemius medialis 
muscle has probably improved the control of the posture 
and increased the speed of people with pronation foot 
and anterior cruciate ligament reconstruction.

The findings of the research showed that during the re-
sponse of loading and push-off, the amount of frequency 
content of the activity of the vastus medialis muscle 
during the pre-test and post-test was significant. Stud-
ies that have examined the electromyographic activity 
of the quadriceps muscle in the group with genu-varum 
have reported that there are changes in the activity of 
this muscle compared to healthy people, and during iso-
metric and isokinetic contractions, the percentage of the 
motor neurons of the muscle is used. Four-headedness is 
more common in injured people than in healthy people 
[30]. Also, the effect of the group factor on the latissi-
mus dorsi muscle showed a decrease in the activity fre-
quency of this muscle during the mid-stance phase. In 
addition, the results showed that the frequency content 
of biceps muscle activity decreased after training com-
pared to before it. Previous studies have shown that the 
co-contraction of the hamstring muscle group with the 
quadriceps muscle plays a major role in countering ex-
ternal varus and valgus forces on the knee. The biceps 
muscle counteracts the forces that enter the knee in the 
varus direction.

In people with hemiparesis, a common abnormality is 
stiff knee gait, in which the bending angle of the knee 
decreases during the swing phase due to hyperactivity 
of the right thigh. In these people, the amount of biceps 
muscle activity during walking is related to the increase 
in the knee bending angle [35]. In addition, the walking 
speed of people with strokes is related to the magnitude 
of the knee bending angle and its torque during walk-
ing [36, 37]. It is possible that training on the sand by 
increasing the activity of the quadriceps muscles and 
reducing the activity of the existing hamstring muscles 
has improved the walking speed of the studied subjects.

The findings showed that the interactive effect of time 
and group on the activity frequency of the semitendino-
sus muscle in the loading response phase has a statis-
tically significant difference. Since the group of ham-

string muscles is the antagonists of the anterior cruciate 
ligament, weakness in the activity of these muscles will 
be the cause of the injury of the anterior cruciate liga-
ment [31]. Also, in addition to playing a role in bend-
ing the knee and facilitating the rotation of the tibia on 
the thigh, the semitendinosus muscle is responsible for 
ensuring the internal stability of the knee, and its weak-
ness reduces the stability of the inner side of the knee 
[38]. Therefore, the 46.41% increase in the activity of 
the frequency content of the semitendinosus muscle after 
training on sand can probably be useful for the injury 
of people with anterior cruciate ligament reconstruction 
and reduce the burden on it. It is critical to recognize 
the limitations of this study. Primarily, the study only in-
cluded male participants, therefore, the outcomes cannot 
be generalized to females. Moreover, kinematic data was 
not collected during the study. To better understand the 
impact of walking mileage on walking mechanics, future 
studies should analyze both kinematic and kinetic data.

Conclusion 

According to the outcome obtained in this study, the 
frequency content of the electrical activity of the gas-
trocnemius medialis, vastus medialis, and rectus femo-
ris muscles increased, and the frequency content of the 
electrical activity of the tibialis anterior, vastus lateralis, 
biceps femoris, and gluteus medius muscles decreased. 
Accordingly, training on sand can probably increase 
walking speed by reducing pain and increasing postural 
stability, and overall improve walking in people with an-
terior cruciate ligament injury.
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