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The aim of this study was to investigate the possible kinematic and muscular activity changes with maximal loading during
squat maneuver. Fourteen healthy male individuals, who were experienced at performing squats, participated in this study.
Each subject performed squats with 80%, 90%, and 100% of the previously established 1 repetition maximum (1RM).
Electromyographic (EMG) activities were measured for the vastus lateralis, vastus medialis, rectus femoris, semitendinosus,
biceps femoris, gluteus maximus, and erector spinae by using an 8-channel dual-mode portable EMG and physiological
signal data acquisition system (Myomonitor IV, Delsys Inc., Boston, MA, USA). Kinematical data were analyzed by using
saSuite 2D kinematical analysis program. Data were analyzed with repeated measures analysis of variance (p < 0 05).
Overall muscle activities increased with increasing loads, but significant increases were seen only for vastus medialis and
gluteus maximus during 90% and 100% of 1RM compared to 80% while there was no significant difference between 90%
and 100% for any muscle. The movement pattern in the hip joint changed with an increase in forward lean during
maximal loading. Results may suggest that maximal loading during squat may not be necessary for focusing on knee
extensor improvement and may increase the lumbar injury risk.

1. Introduction

Squat is one of the most frequently used exercises in
many training protocols. Due to its applicability to func-
tional exercise and sports, numerous variations have
been developed and employed in the fields of strength
and conditioning and physical therapy [1]. Since it has bio-
mechanical and neuromuscular similarities to a wide range
of athletic movements, it is a core exercise in many sport
routines [2, 3].

The purpose of squat is to train the muscles
around the knees and hip joints, as well as to develop
strength in the lower back, for execution of basic skills
required in many sporting events and activities of daily
living [4].

The athlete takes an initial stance position with heels
approximately shoulder-width apart and toes pointing

forward or slightly outward by no more than 10 degrees [5].
Squat maneuver begins with the lifter in an upright posi-
tion, knees and hips fully extended. The lifter then squats
down by flexing at the hip, knee, and ankle joints. When
the desired squat depth is achieved, the lifter ascends back
to the upright position [2]. The lumbar vertebrae are main-
tained in a neutral alignment throughout the entire squat
movement, and the trunk should remain as upright as pos-
sible during squat [6]. The athlete’s feet should be stable
and planted firmly on the ground and the athlete should
keep his entire foot on the ground throughout the entire
squat motion. At the proper depth, the femurs are slightly
past parallel to the ground, the hips are flexed, the tibias
are positioned vertically, and the feet are entirely on the
ground [5].

As a multijoint exercise, the knee extensors (e.g., rectus
femoris (RF), vastus lateralis (VL), and vastus medialis
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(VM)) and the hip extensors (e.g., gluteus maximus (GM),
biceps femoris (BF), and semitendinosus (ST)) are consid-
ered to be the prime movers during squat exercise, with other
muscles acting in a secondary capacity [7–9].

Activation of specific muscles is important in design-
ing a workout that effectively utilizes targeted muscles
so that time and effort are not wasted by performing
exercises that may not provide the desired benefits. To
be able to get the maximum benefit from the exercise,
it is very important to perform the proper technique with
a well-designed set and repetition numbers. It is a well-
known fact that the number of repetitions decreases when
the load increases [10–12]. Although it is advised that the
technique should remain the same as the exercise inten-
sity is increased [5], it is a common observation for
many trainers that when the loads reach to the limits
of the athletes, athletes may change the movement pat-
tern of the performed exercise. These manipulations of
the exercises may help the athletes to be able to lift
higher loads. This generally happens during maximum
loading (1RM) or lasts a few repetitions of the maximum
number of repetitions. The 1 repetition maximum (1RM),
which is the heaviest load that can be lifted once during
a traditional weightlifting-type task, is an isoinertial mea-
sure that gives an estimate of maximum strength. Regard-
less of which aspect of strength the coach or athlete
decides is appropriate for a given sport, maximum
strength should first be developed because it acts as a
general base that supports specific training in other
spheres of conditioning [13].

The term “cheating” is mostly used for these biome-
chanical manipulations. Cheating may cause changes in
kinematics of the specific exercise. Athletes who do not
demonstrate proper mechanics may utilize compensatory
movement strategies that can hinder their athletic per-
formance and heighten their risk of sports-related injury
[5, 14, 15]. In this case, the proper technique may be more
important than the load not only for preventing the injuries
but also for muscle activity.

Although squat is a closed kinetic chain exercise, the ath-
letes may change the movement pattern and therefore muscle
activities during maximal loading.

There are many studies that analyzed a variety of bio-
mechanical variables during squat to provide athletes and
their coaches with information to guide training prescrip-
tion, progression, and technique instruction [16–19], but
the impact of maximal loading on kinematic patterns has
been largely unexplored. Surface EMG has been widely
used for assessment of muscle activities during squat, and
it has been shown that the EMG activities of the muscles
increased by increasing the loads during squatting in differ-
ent studies [20–23]. Bryanton et al. [24] studied the biome-
chanical analysis and relative muscular effort during squat
while increasing the barbell load from 50% to 90% of
1RM but did not use EMG to determine the muscle activ-
ities and more importantly the maximal loading that we
expect to see the kinetic and muscular activity changes.
Therefore, we aimed to see the kinematic and muscular
activity changes while we increase the loads from 80% to

90% and finally 100% of 1RM squatting. To our knowl-
edge, this is the first study to determine the kinematic
and EMG activity changes while increasing the loads from
submaximal to maximal.

2. Materials and Methods

2.1. Subjects. Fourteen healthy male recreational body-
builders (21.6± 2.3 years old), who were experienced at per-
forming squats (3.2± 0.6 years), participated in this study.
The average height and weight of the participants were
178.4± 5.1 cm and 80.1± 7.2 kg, respectively. All subjects
were right handed and had no history of orthopaedic injury
or surgery that would have limited their ability to perform
the squatting techniques.

The mean 1RM loads that were employed during test-
ing were 120.0± 24.2 kg, and this was 150.4± 32.5% of their
body weight.

Before participation, informed consent was obtained
from each subject. The investigation was conducted accord-
ing to the Declaration of Helsinki and approved by the Near
East University Scientific Researches, Evaluation and Ethic
Commission (YDÜ/2012/11-60).

2.2. Instrumentation. We followed the methods of Yavuz
et al. [25], an 8-channel dual-mode portable EMG and
physiological signal data acquisition system (Myomonitor
IV, Delsys Inc., Boston, MA, USA) was used for data collec-
tion. Data collections were conducted using EMG Works
Acquisition 4.0.5 (Delsys Inc., Boston, MA, USA). The
amplifier bandwidth frequency ranged from 20 to 450Hz,
with an input voltage of 9 VDC at 0.7A and the common-
mode rejection ratio was 80 dB. Data were recorded at a
sampling rate of 1000Hz over a wireless local area network
(WLAN) to the host computer for real-time display and
storage [25].

Seven channels of this system were used to assess the
EMG activity of vastus lateralis (VL), vastus medialis (VM),
rectus femoris (RF), semitendinosus (ST), biceps femoris
(BF), gluteus maximus (GM), and erector spine (ES).
Recording sites were prepared by shaving the area and
wiping with alcohol pads to decrease electrical impedance.
Electrodes (41× 20× 5mm, D.E 2.3, Delsys Inc., Boston,
MA) were placed along the longitudinal axis of each muscle
tested on the right side (dominant side) of the participant’s
body according to the procedures from Gullet et al. [4]
(Table 1). The sensor contacts are made from 99.9% pure
silver bars measuring 10mm in length, 1mm in diameter,
and spaced 10mm apart from optimal signal detection and
consistency. A 5.08 cm diameter oval-shaped common refer-
ence electrode (Dermatrode HE-R, American Imex, Irvine,
CA) was placed on the iliac crest of the right leg. Positions
of each electrode in relation to the muscle being tested are
shown in Table 1 [25].

At the same time, the EMG system was synchronized
with a Samsung (VP-D375W) video camera with a shutter
speed of 1/250 seconds and frame rate at 25 frames per
second by using the National Instruments USB-6501 Digital
I/O trigger box (Delsys Inc., Boston, MA, USA). The frame
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rate was then increased to 50 frames per second by using the
deinterlace method. Video recordings were made with
AMCap (Microsoft, V 3.0.9) video capture software. For
kinematical data, reflective markers (3 cm diameter) were
attached and positioned over the following bony landmarks:
(a) lateral malleolus of the right foot, (b) upper edges of the
lateral tibial plateau of the right knee, (c) posterior aspect of
the greater trochanters of the right femur, and (d) end of
the right side of the Olympic bar. A calibration plane that
consists of 8 control points was used for 2D spatial
reconstruction.

A standard 20.5 kg Olympic barbell, discs (Werksan,
Turkey), and a continental squat rack were used during
the squat [25].

2.3. Exercise Protocol. The subjects were required to attend
two sessions. A pretest was given to each subject 1 week
before the actual testing session. The experimental protocol
was reviewed, and the subjects were given the opportunity
to ask questions. During the pretest, the subject’s 1RM was
determined and recorded. The procedure used for assessing
1RM was described by Kraemer and Fry [27]. The subjects
were asked to perform initial preparation on a stationary bike
for 3–5 minutes at the beginning of the pretest session and
then to perform a warm-up set of 8–10 repetitions at a light
weight (approximately 50% of estimated 1RM). A second
initial preparation consisting of a set of 3–5 repetitions with
moderate weight (approximately 75% of 1RM) and third
initial preparation including 1–3 repetitions with a heavy
weight (approximately 90% of 1RM) followed.

After a 5-minute rest, participants performed 1 trial of
squats with the load (~80% of estimated 1RM) through the
full range of motion. After each successful performance, the
weight increased until a failed attempt occurred. Squat trials
were considered successful if the participant reached 90° of
knee flexion, which was marked by adjustable stoppers,
returned to the starting position, and maintained the metro-
nome cadence (40 beats per minute Largo). Five-minute rests
were given between each attempt and the 1RM was attained
within 5 attempts and a 5-minute rest separated each test.

Subsequently, 1 week after the pretest session, the sub-
jects were asked for a second session for data collection.

After the EMG electrode placement, maximum voluntary
isometric contraction (MVIC) data from the quadriceps,

hamstrings, erector spine, and gluteus maximus were col-
lected according to the procedures described by Konrad
[28]. Three 3-second MVIC trials were collected in a ran-
domized manner for each muscle group. Adequate rest was
allowed between trials (1 minute).

All subjects performed two to three warm-up sets in
preparation for testing. Then they performed squats with
80%, 90%, and 100% of the previously established 1RM with
a 5-minute rest between trials. Exercise began with a given
verbal command. The starting and ending positions for back
squat were performed with the legs at shoulder width apart
and the toes pointed forward, feet are entirely on the ground
with the knees in full extension, which was defined as a 180°

knee angle (KA). From the starting position, the subject
flexed their knees to minimum KA (approximately 90°) and
then extended their knees back to the starting position. A
metronome cadence (40 beats per minute Largo) was used
to control movement speed between the participants.

2.4. Data Reduction. The samplings of EMG and video
recordings were initiated simultaneously with the beginning
of the first squat repetition. For synchronization, a LED con-
nected to the trigger box (National Instruments USB-6501
Digital I/O) outputted a digital signal when the Myomonitor
started data acquisition. With the data acquisition, the LED
lit, and it went off as the data stopped to show the exact start
and stop moments of collected data for the synchronization
with the kinematics.

Kinematical data were analyzed by using the saSuite 2D
kinematical analysis program, which was developed by
Hacettepe University, Faculty of Sports Sciences, Biome-
chanics Research Group, Ankara, Turkey. For each trial,
required portions of the video recordings were trimmed,
the anthropometric points were digitized, and 2D positional
data were obtained. To analyze angular kinematics of the
knee and hip joints, the raw data points were calculated and
then smoothed using a moving average filter [29]. All EMG
data were partitioned into ascending and descending phases.
The time from the initiation of the flexion of the hips and
knees until the greater trochanter reached its lowest point
defined the descending phase of each repetition of squat.
The ascending phase followed the descending phase and
consisted of knee and hip extensions from the parallel
thigh position until the subject was standing erect at the

Table 1: A description of the positioning of each electrode in relation to the muscle being tested developed by Brouer and Houtz [26] and
described by Gullet et al. [4].

Muscle Electrode placement

Rectus femoris Approximately midway between the anterior inferior iliac spine and the patella on the anterior side of the thigh

Vastus lateralis Approximately two-thirds of the thigh length from the greater trochanter on the lateral side of the thigh

Vastus medialis Approximately three-fourths of the thigh length from the anterior inferior iliac spine on the medial side of the thigh

Erector spinae Three centimeters lateral to the L3 spinous process

Gluteus maximus
50% on the line between the sacral vertebrae and the greater trochanter. This position corresponds with the
greatest prominence of the middle of the buttocks well above the visible bulge of the greater trochanter

Biceps femoris Midway between the ischial tuberosity and the lateral condyle of the femur on the posterior side of the thigh

Semitendinosus Midway between the ischial tuberosity and the medial condyle of the femur on the posterior side of the thigh

Reference electrode The iliac crest of the right leg
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end of the repetition [4]. Movement time was normalized
by using metronome cadence (1.5 seconds for descending
and 1.5 seconds for ascending phases, 40 beats per minute
Largo) and divided into ten movement phases to control
interindividual differences. Knee and hip angle (between
the thigh and trunk) changes were examined throughout
the descending and ascending phases.

EMG data were analyzed according to the procedures
from the International Society of Electrophysiology and
Kinesiology [30] by using the EMG Works Analysis 4.0
(Delsys Inc., Boston, MA, USA). To calculate the mean-
normalized EMG values, the raw EMG signals were sub-
setted, filtered (passband: 3, response: band pass, corner
F1: 10Hz, corner F2: 500Hz), rectified, integrated (root
mean square (window length: 0.100, window overlap: 0.08,
remove offset)), and normalized to the subject’s highest
corresponding MVIC trial.

2.5. Statistical Analysis. Kinematic and electromyographic
data were analyzed and compared with repeated measures
analysis of variance (p < 0 05). Thru out the text, data for
all subjects performing each type of exercise were averaged
and presented as means and standard deviations.

3. Results

Mean knee and hip joint angles throughout squat movement
in different loads were presented in Figure 1. Although the
similar movement patterns in the hip joints with 80% and
90% loads, the hip angles seemed decreased with 90% loads

especially during the descending phase. The decrease in hip
angles was more obvious with maximum loading (100%)
and there seemed to be an increase in hip angles during the
ascending phase. What is interesting in this data is that the
ascend also started earlier in the hip angle with 100% loads.

Table 2 presents the mean (±SD) repeated measures anal-
ysis of variance results of the normalized EMG values of
seven muscles tested during back squats throughout the
whole squat motion. The EMG values increased with the
increase of the load but revealed no significant differences
(p < 0 05) except for VM and GM. For the VM and GM,
90% and 100% bar loads of 1RM, respectively, were found
greater than 80% loads (p < 0 05). There was no statistically
significant difference between 90% and 100% loads for any
muscle activity.

Table 3 presents the mean (±SD) repeated measures anal-
ysis of variance results between 80, 90, and 100% loads of
1RM during the descending and ascending phases. Results
showed that the EMG muscle activity values were
increased with the increase of the load both for descending
and for ascending phases. Moreover, 90% VM, ES, and GM
descending phase, 100% ES and GM descending phase,
100% VM and GM ascending phase muscle activity EMG
values were found significantly different compared to that
of 80% loads of 1RM (p < 0 05). No significant difference
was observed for any muscle neither during ascending nor
during descending phases between 90% and 100% loads.

Figure 2 illustrates knee and hip angle-dependent
EMG values of the muscles throughout the phases of
squat movement.

4. Discussion

The present study was designed to investigate the possible
kinematic and muscular activity changes during squat
maneuver while the loads are increased from 80% to
90%, and finally 100% of 1RM squatting. We aimed to
see how the athletes manage to lift maximum loads by
increasing the muscular activity or changing the movement
pattern or both.
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Figure 1: Mean knee and hip joint angles throughout the
descending and ascending phases of the squat movement.

Table 2: Repeated measures analysis of variance results of mean
(±SD) EMG activity during squats performed with 80, 90, and
100% loads of 1RM as a percentage of maximal voluntary
isometric contraction (% MVIC).

Muscles 80% 90% 100%

RF 36.1± 13.8 49.6± 34.3 52.3± 36.9
VM 56.9± 37.1 67.4± 43.5∗ 73.6± 58.6∗

VL 53.6± 24.2 63.2± 37.8 67.7± 54.7
ES 40.8± 17.8 51.5± 25.1 53.8± 26.9
GM 27.8± 15.8 34.1± 19.3∗ 38.7± 23∗

BF 23.5± 23.1 27.7± 25.3 30.4± 17.5
ST 21.5± 11.2 22.7± 15.7 28.2± 18.4
∗Repeated measures analysis of variance results significantly different
(p < 0 05) from 80%.
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A strong relationship between load and muscle average
EMG activity has been reported in the literature [20–23, 31],
and the result of this study was in accordance with this
literature. Although the overall increase in muscle activities
corresponds with increasing loads, significant increases were
seen only for VM and GM during 90% and 100% of 1RM,
respectively, compared to those during 80% while there was
no statistically significant difference between 90% and 100%
for any muscle. But when we divide the maneuver to
descending and ascending phases, we also saw an increase
in the ES EMG activities during the descending phase with
90% and 100% loadings. Several studies have shown that
manipulating features of the squat exercise resulted in altered
muscle activity. These manipulations include changes in foot
position [20, 22], barbell position [4], stability of the surface
on which the exercise is performed [32–34], different levels
of intensity of load [23], range of motion [7, 23, 35], and
different equipment [36].

Aspe and Swinton [23] indicated that the heavier external
resistance during squat creates a larger resistance moment,
which requires greater muscular effort to counterbalance.
The increased forward lean would also create a larger resis-
tance moment by lengthening the hip moment arm to coun-
terbalance much harder during descend (Figure 3). That
might be a reason for increased ES EMG activities during
the descending phase of the heavier loads.

In our previous study, where we compared front and
back squat maneuvers, an increased forward lean was
observed during back squat compared to that during front
squat [25]. We found greater VM EMG activities during
front squat and greater ST activities during back squat. How-
ever, we did not see an increase in ST activities despite the
similar increase in forward lean in the current study.
However, in our previous study, we compared two differ-
ent squat techniques (front and back squat) with similar
loads (100% of 1RM) while we compared different loads
(80%, 90%, and 100% of 1RM) during the same squat
technique (back squat) in the current study. So, both dif-
ferent techniques and/or different loads may be the reason
for different muscle activity changes despite the increase in
forward lean.

In addition to increased forward lean, a change in the
movement pattern of the hip joint was observed during

100% loading. The ascend started with knee extension in
the 6th phase and followed by hip extension in the 7th phase
during 80% and 90% loading while hip extension starts
earlier (in the 6th phase) during 100% loading (Figure 1).
That means that the initial moment required to start upright
movement was created not only by the knee extensors but
also by the hip extensors. This may also be supported by
EMG activities. GM EMG activity shows a significant
increase only in the descending phase to help in counterba-
lancing during 90% loading while it shows a significant
increase in both descending and ascending phases during
100% loading (Table 3). The common faults in the early
stages of learning back squat (i.e., early training age) are for
the hips to rise faster than the shoulders, which would
increase trunk flexion. If the hips rise too quickly, the vertical
distance between the hips and shoulders will decrease during
the early ascent phase. Irrespective of the load, the movement
pattern represents an incorrect back squat that can be a
dangerous strategy to the lower back during squatting with
progressive external resistance [5].

Another interesting finding was that the forward lean
increased during the descending phase but decreased during
the ascending phase with 100% loading (Figure 1). When
the minimum knee angle is arrived, the knee and hip joint
starts to extend. A more upright position can be provided
by hip extensor activity and creates a shorter hip moment
arm and a longer knee moment arm that will help the
knee extensors to do more work. That may mean more
active contribution of the hip joint to the movement during
100% loading. Although it may help the athletes to lift higher
loads when the center of gravity moves further away from the
lumbar spine increasing the moment arm and torque, the
shear forces occurring within the lumbar spine would also
increase [4, 38, 39] (Figure 3). Increased forward lean reduces
tolerance to compressive load and results in a transfer of the
load from muscles to passive tissues, heightening the risk of
disc herniation [40].

It is beneficial to maintain a posture that is as close to
upright as possible at all times for preventing the lumbar
injuries [8]. The increased movement of the hip joint thereby
the center of gravity may increase the risk of lumbar injury.
This “knee-loading” strategy instead of “hip-hinge” strategy
that can be seen with excessive trunk flexion may also place

Table 3: Repeated measures analysis of variance results of mean (±SD) EMG activity with 80, 90, and 100% loads of 1RM during descending
and ascending phases of squat as a percentage of maximal voluntary isometric contraction (% MVIC).

Muscles
80% 90% 100%

Descend Ascend Descend Ascend Descend Ascend

RF 35.8± 14 36± 16.2 51± 39.1 47.6± 26.9 53.8± 36.5 52.1± 38.3
VL 52.4± 20 59± 28.2 60.6± 40.8 65.7± 33.9 63± 40.9 72.4± 65.9
VM 52.8± 32.7 61.7± 43.8 64.6± 42.8∗ 70.4± 46.7 72± 57.6 76.4± 61.8∗

ES 35.8± 14.4 41.9± 16.1 50.1± 25.2∗ 52.9± 25.2 52.1± 27.2∗ 55.8± 26
GM 19.7± 11.5 37.2± 20 26± 15.7∗ 44.8± 24.6 30± 17.9∗ 50.2± 30.8∗

BF 19.6± 22.5 29± 24.8 22.1± 23.2 34.3± 28.3 23.8± 16.9 39.6± 23.1
ST 17± 10.4 29.1± 24 15.9± 7.2 29.1± 16.9 19.19± 11.4 39.5± 28.3
∗Repeated measures analysis of variance results significantly different (p < 0 05) from 80%.
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excessive shear forces on the anterior knee and decreases
recruitment of the posterior chain musculature [5]. That
may increase the risk of knee injuries.

When we check angle-specific EMG changes for each
muscle, we saw that EMG activity patterns were quite par-
allel to each other for most of the muscles in all loads. But
earlier peak EMG activities were seen for knee extensors,
and this may also be because of the earlier contribution
of hip extension to the maneuver.

It is known that the hamstrings (biceps femoris, semiten-
dinosus, and semimembranosus) are technically antagonists
of the quadriceps, opposing knee extensor moments. How-
ever, in squat, a closed chain exercise, they behave paradoxi-
cally and cocontract with the quadriceps. In this study,
hamstring EMG muscle activity was found increased as the
loads increased with the biceps femoris producing more
EMG muscle activity than the semitendinosus. These results
are consistent with the other studies [2, 3, 41].
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It is advised that athletes do not increase the intensity
of squat (i.e., increase resistance) unless the athlete can
demonstrate a consistent, proper form of back squat. The
technique should remain the same as the exercise intensity
is increased [5].

5. Conclusion

We studied musculature activity and kinematics of the knee
and hip joints during squat with 80%, 90%, and 100% of
maximum loading (1RM). The EMG activity for all muscles
increased with increased load but only statistically significant
differences were found for VM and GM. There was no statis-
tically significant difference for any observed muscle activity
between 90% and 100% of 1RM. Hip joint kinematics showed
a different movement pattern for 100% loading.

The 90% loading was shown to be just as effective as the
100% loading conditions in terms of overall muscle activity,
with no difference in knee joint kinematics and less contribu-
tion of the hip joint, which may probably show less lumbar
and knee injury risks. Results may suggest that 100% loading
during squat may not be necessary to focus on knee extensor
improvement. It may be a better choice to use the equipment
that may prevent changing the movement pattern for
preventing lumbar injuries during maximal loading.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] B. Contreras, A. D. Vigotsky, B. J. Schoenfeld, C. Beardsley,
and J. Cronin, “A comparison of gluteus maximus, biceps
femoris, and vastus lateralis electromyography amplitude in
the parallel, full, and front squat variations in resistance-
trained females,” Journal of Applied Biomechanics, vol. 32,
no. 1, pp. 16–22, 2016.

[2] R. F. Escamilla, “Knee biomechanics of the dynamic squat
exercise,” Medicine and Science in Sports and Exercise,
vol. 33, no. 1, pp. 127–141, 2001.

[3] C. Senter and S. L. Hame, “Biomechanical analysis of tibial
torque and knee flexion angle: implications for understanding
knee injury,” Sports Medicine, vol. 36, no. 8, pp. 635–641, 2006.

[4] J. C. Gullett, M. D. Tillman, G. M. Gutierrez, and J. W. Chow,
“A biomechanical comparison of back and front squats in
healthy trained individuals,” Journal of Strength and Condi-
tioning Research, vol. 23, no. 1, pp. 284–292, 2009.

[5] G. D. Myer, A. M. Kushner, J. L. Brent et al., “The back squat: a
proposed assessment of functional deficits and technical fac-
tors that limit performance,” Strength & Conditioning Journal,
vol. 36, no. 6, pp. 4–27, 2014.

[6] S. M. McGill and R. W. Norman, “Dynamically and statically
determined low back moments during lifting,” Journal of
Biomechanics, vol. 18, no. 12, pp. 877–885, 1985.

[7] A. Caterisano, R. F. Moss, T. K. Pellinger et al., “The effect of
back squat depth on the EMG activity of 4 superficial hip
and thigh muscles,” Journal of Strength and Conditioning
Research, vol. 16, no. 3, pp. 428–432, 2002.

[8] B. J. Schoenfeld, “Squatting kinematics and kinetics and their
application to exercise performance,” Journal of Strength and
Conditioning Research, vol. 24, no. 12, pp. 3497–3506, 2010.

[9] P. H. Marchetti, J. J. da Silva, B. J. Schoenfeld et al., “Muscle
activation differs between three different knee joint-angle
positions during a maximal isometric back squat exercise,”
The Journal of Sports Medicine, vol. 2016, Article ID
3846123, 2016.

[10] W. Hoeger, S. L. Barette, D. F. Hale, and D. R. Hopkins,
“Relationship between repetitions and selected percentages
of one repetition maximum,” The journal of applied sport
science research, vol. 1, no. 1, pp. 11–13, 1987.

[11] W. Hoeger, D. R. Hopkins, S. L. Barette, and D. F. Hale,
“Relationship between repetitions and selected percentages
of one repetition maximum: a comparison between untrained
and trained males and females,” The journal of applied sport
science research, vol. 4, no. 2, pp. 47–54, 1980.

[12] T. Shimano, W. J. Kraemer et al.B. A. Spiering, J. S. Volek,
D. L. Hatfield et al., “Relationship between the number of

Hip
moment
arm

Hip
moment
arm

Base of support Base of support

Knee
moment arm

Knee
moment arm

Figure 3: Knee and hip moment arms during squat with different hip angles (modified from starting strength: basic barbell training, by
permission of The Aasgaard Company, Rippetoe and Kilgore [37]).

7Applied Bionics and Biomechanics



repetitions and selected percentages of one repetition maxi-
mum in free weight exercises in trained and untrained men,”
Journal of Strength and Conditioning Research, vol. 20, no. 4,
pp. 819–823, 2006.

[13] B. Tan, “Manipulating resistance training program variables
to optimize maximum strength in men: a review,” Journal
of Strength and Conditioning Research, vol. 13, no. 3,
pp. 289–304, 1999.

[14] M. Clark and S. Lucett, NASM Essentials of Corrective Exercise
Training, Jones & Bartlett Learning, Burlington, Massachu-
setts, USA, 2013.

[15] R. S. Lloyd, A. D. Faigenbaum, M. H. Stone et al., “Position
statement on youth resistance training: the 2014 international
consensus,” British Journal of Sports Medicine, vol. 48, no. 7,
pp. 498–505, 2014.

[16] S. P. Flanagan and G. J. Salem, “Bilateral differences in the net
joint torques during the squat exercise,” Journal of Strength
and Conditioning Research, vol. 21, no. 4, pp. 1220–1226, 2007.

[17] S. Lorenzetti, T. Gulay, M. Stoop et al., “Comparison of the
angles and corresponding moments in the knee and hip during
restricted and unrestricted squats,” Journal of Strength and
Conditioning Research, vol. 26, no. 10, pp. 2829–2836, 2012.

[18] A. Biscarini, F. M. Botti, and V. E. Pettorossi, “Joint torques
and joint reaction forces during squatting with a forward or
backward inclined Smith machine,” Journal of Applied Biome-
chanics, vol. 29, no. 1, pp. 85–97, 2013.

[19] H. Hartmann, K. Wirth, and M. Klusemann, “Analysis of
the load on the knee joint and vertebral column with changes
in squatting depth and weight load,” Sports Medicine, vol. 43,
no. 10, pp. 993–1008, 2013.

[20] S. T. McCaw and D. R. Melrose, “Stance width and bar load
effects on leg muscle activity during the parallel squat,”
Medicine and Science in Sports and Exercise, vol. 31, no. 3,
pp. 428–436, 1999.

[21] G. Boyden, J. Kingman, and R. Dyson, “A comparison of
quadriceps electromyographic activity with the position of
the foot during the parallel squat,” Journal of Strength and
Conditioning Research, vol. 14, no. 4, pp. 379–382, 2000.

[22] A. Paoli, G. Marcolin, and N. Petrone, “The effect of stance
width on the electromyographical activity of eight superficial
thigh muscles during back squat with different bar loads,”
Journal of Strength and Conditioning Research, vol. 23, no. 1,
pp. 246–250, 2009.

[23] R. R. Aspe and P. A. Swinton, “Electromyographic and
kinetic comparison of the back squat and overhead squat,”
Journal of Strength and Conditioning Research, vol. 28,
no. 10, pp. 2827–2836, 2014.

[24] M. A. Bryanton, M. D. Kennedy, J. P. Carey, and L. Z. Chiu,
“Effect of squat depth and barbell load on relative muscular
effort in squatting,” Journal of Strength and Conditioning
Research, vol. 26, no. 10, pp. 2820–2828, 2012.

[25] H. U. Yavuz, D. Erdağ, A. M. Amca, and S. Aritan, “Kinematic
and EMG activities during front and back squat variations
in maximum loads,” Journal of Sports Sciences, vol. 33,
no. 10, pp. 1058–1066, 2015.

[26] M. R. Broer and S. J. Houtz, Patterns of Muscular Activity
in Selected Sport Skills, Charles C Thomas Publishing,
Springfield, 1967.

[27] W. J. Kraemer and A. C. Fry, Strength Testing: Development
and Evaluation of Methodology, P. Maud and C. Foster, Eds.,
Human Kinetics, Champaign, IL, 1995.

[28] P. Konrad, ABC of EMG A Practical Introduction to Kine-
siological Electromyography, Noraxon Inc., Scottsdale,
Arizona, USA, 2005.

[29] G. Robertson, G. Caldwell, J. Hamill, G. Kamen, and S.
Whittlesey, Research Methods in Biomechanics, Human
Kinetics, Champaign, Illinois, USA, 2013.

[30] R. Merletti and P. Di Torino, “Standards for reporting
EMG data,” Journal of Electromyography and Kinesiology,
vol. 9, no. 1, pp. 3–4, 1999.

[31] R. N. Carpinelli, “The size principle and a critical analysis of
the unsubstantiated heavier-is-better recommendation for
resistance training,” Journal of Exercise Science and Fitness,
vol. 6, no. 2, pp. 67–86, 2008.

[32] E. J. Drinkwater, E. J. Pritchett, andD.G. Behm, “Effect of insta-
bility and resistance on unintentional squat-lifting kinetics,”
International Journal of Sports Physiology and Performance,
vol. 2, no. 4, pp. 400–413, 2007.

[33] M. Kohler, S. P. Flanagan, and W. C. Whiting, “Muscle activa-
tion patterns while lifting stable and unstable loads on stable
and unstable surfaces,” Journal of Strength and Conditioning
Research, vol. 24, no. 2, pp. 313–321, 2010.

[34] J. M. McBride, T. R. Larkin, A. M. Dayne, T. L. Haines, and
T. J. Kirby, “Effect of absolute and relative loading on muscle
activity during stable and unstable squatting,” International
Journal of Sports Physiology and Performance, vol. 5, no. 2,
pp. 177–183, 2010.

[35] D. G. E. Robertson, J. M. J. Wilson, and T. A. St Pierre, “Lower
extremity muscle functions during full squats,” Journal of
Applied Biomechanics, vol. 24, no. 4, pp. 333–339, 2008.

[36] A. H. Saeterbakken, V. Andersen, and R. van den Tillaar,
“Comparison of kinematics and muscle activation in free
weight back squat with and without elastic bands,” Journal
of Strength and Conditioning Research, vol. 30, no. 4,
pp. 945–952, 2016.

[37] M. Rippetoe and L. Kilgore, Starting Strength: Basic Barbell
Training, The Aasgaard Company, Wichita Falls, TX, 2nd ed
edition, 2007.

[38] P. Comfort and P. Kasim, “Optimizing squat technique,”
Journal of Strength and Conditioning Research, vol. 29, no. 6,
pp. 10–13, 2007.

[39] D.Diggin,C.O’Regan,N.Whelan et al., “Abiomechanical anal-
ysis of front vs. back squat: injury implications,” Portuguese
Journal of Sport Sciences, vol. 11, no. 2, pp. 643–646, 2011.

[40] H. Matsumoto, Y. Suda, T. Otani, Y. Niki, B. B. Seedhom, and
K. Fujikawa, “Roles of the anterior cruciate ligament and the
medial collateral ligament in preventing valgus instability,”
Journal of Orthopaedic Science, vol. 6, no. 1, pp. 28–32, 2001.

[41] J. C. Walsh, J. F. Quinlan, R. Stapleton, D. P. FitzPatrick,
and D. McCormack, “Three-dimensional motion analysis
of the lumbar spine during “free squat” weight lift training,”
The American Journal of Sports Medicine, vol. 35, no. 6,
pp. 927–932, 2007.

8 Applied Bionics and Biomechanics


	Kinematic and Electromyographic Activity Changes during Back Squat with Submaximal and Maximal Loading
	1. Introduction
	2. Materials and Methods
	2.1. Subjects
	2.2. Instrumentation
	2.3. Exercise Protocol
	2.4. Data Reduction
	2.5. Statistical Analysis

	3. Results
	4. Discussion
	5. Conclusion
	Conflicts of Interest

