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Abstract.

BACKGROUND: Squats are one of the most widely used weight training methods worldwide, and the single most ubiquitous
with regard to multi-joint resistance training.

OBJECTIVE: The objective of the present study was to investigate kinematic and kinetic changes in the lower extremities as a
result of load increases during a back squat exercise, and to propose an association between back squats and lower extremity
injuries.

METHODS: Eight individuals with experience of back squat training were recruited. The subjects performed back squats with
loads of 25%, 50%, 100%, and 125% of their body weight. During the performance, the center of pressure (COP) sway; vertical
center of mass (COM) velocity; joint moment; joint range of motion (ROM) of flexion/extension and adduction/abduction; and
rotation of the ankle, knee, and hip joints were measured.

RESULTS: The participants’ lower extremity joint ROM, vertical COM velocity, and COP variability did not change significantly
with changes in weight loading. However, the moments applied to the lower extremity joints differed according to changes in
barbell weight. The moments of plantar flexion (f = 54.362, p < 0.001), dorsiflexion (f = 8.475, p < 0.001), knee flexion
(f =12.013, p < 0.001), knee extension (f = 8.581, p < 0.001), hip flexion (f = 5.111, p < 0.001), and hip extension (f =
11.053, p < 0.001) increased in the sagittal plane (flexion/extension). There was also a significant increase in ankle eversion
(f =5.612, p = 0.004), hip abduction (f = 3.242, p = 0.037), and adduction (f = 5.846, p = 0.003) in the frontal plane
(adduction/abduction). Among the moment variables in the transverse plane (rotation), there were significant differences in ankle
internal rotation (f = 7.043, p = 0.001) and hip external rotation (f = 11.070, p < 0.001).

CONCLUSION: As the barbell load increased, posture and performance were maintained, but rotational moments of the joints
differed. It is expected that the joint directions that showed significant differences in this study are likely to be vulnerable to the
risk of injury when an excessive load is applied to the body. Examples include the hip adduction moment, hip external rotation
moment, and ankle internal rotation moment, and apply regardless of the increase in the rotational moments of joints from load
increases.
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1. Introduction

Squats are one of the most widely used weight training methods worldwide, and the single most
ubiquitous with regard to multi-joint resistance training [1]. Squats are generally performed by moving
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the weight load through eccentric flexion and concentric extension exercises of the musculoskeletal
system of the lower extremities, with both feet fixed to the ground [2]. It is possible in this way to
strengthen the muscles around the knee and hip joints, as well as the lower back [3] because squats
activate the quadriceps, hamstrings, gluteus maximus, and soleus [4]. The most notable benefit of squat
exercises is that they can be performed without any additional weight load, at any time during everyday
life. Training intensity can also be easily adjusted by varying the weight of the barbell or the depth of the
squat. For these reasons, squats are regularly utilized by athletes and the general population as a means of
lower body strengthening or even rehabilitation [5].

The intensity of a squat exercise is determined by the squat depth and weight load [6]. The most
popular and primary method of resistance training for performance improvement is the use of heavier
weights [7]. Naturally, the heavier the weight, the greater the risk of injury. Barbell weight and squat
depth significantly affect the extensor muscles of the hips, knees, and ankles. A study by Bryanton et
al. highlighted the necessity of strengthening hip joint extensors and ankle dorsiflexors when increasing
weight [8]. The risk of injury in the knee areas is particularly high when performing barbell squats [9],
making strengthening and conditioning essential [10]. Squat motions must be performed correctly to
reduce the risk of knee and back injuries [11]. The biomechanical elements of barbell squats are associated
with high levels of knee flexion, which increases the likelihood of injury to the knee joint itself [3]. This
is because the greater joint moment is a potential factor for injury [8].

Previous studies on conventional squat weight have focused on kinematic analysis of squat techniques,
interpretation of moments applied to the lower extremities, and analysis of the contribution of each joint,
while varying the trial set and barbell by a ratio of 1-RM, 3-RM, or weight percentage. These studies,
which analyzed the load on the patellar and patellar tendons at 40, 50, 60, and 70% of 1-RM [10], revealed
the extent of the contribution of the hip joint moments by using back squat load conditions of 90%, 100%,
and 102% of 1-RM. This identified the importance of hip extensor moments at maximum load [12].
Appropriate positioning for injury prevention was also determined by calculating segmental moments
while adjusting the stance width and foot angle [13]. However, the criteria of 1-RM or 3-RM used in
these studies may have varied depending on the condition and ability of the person at the time the exercise
was performed, while it is also necessary to establish a different standard for injuries.

Squats are assumed to produce equal joint torques bilaterally because a squat is a symmetrical motion on
the frontal plane. However, depending on the posture, this may not be the case [14]. Several studies related
to squats have demonstrated that individual factors generate greater moments in the joints of the lower
extremities through inverse dynamics techniques. Prior studies related to injuries have been conducted in
a variety of areas, including gait [15], jumping [16], landing [17], stair ascent [18], and squats [19,20].
However, many studies have investigated only the voluntary moments of the lower extremities, namely
the joint moments of the ankle, knee, and hip in the sagittal plane [20-22]. When a force is applied in a
three-dimensional direction to the lower extremities in contact with the ground, particularly with regard
to human movements, the moments on the joints also manifest in the three-axis direction. Consequently,
it is difficult to obtain a complete set of information on the force exerted on the lower extremity joints by
analyzing a single-axial moment or joint angle during a specific motion. Our hypothesis for this study
was that the joint load on the three axes varies as the weight increases. Therefore, the objective of this
study was to identify the factors that affect the lower extremities by measuring the joint moments and
squat motions applied in three dimensions during a squat exercise.
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2. Method
2.1. Farticipants

Eight males (age: 22.25 4 0.88 years, height: 1.76 & 0.42 m, weight: 74.5 4+ 9.82 kg) participated
in this study. The participants had no musculoskeletal injuries recorded within the last two years, had
previous experience performing back squats, and could perform back squats with 125% body weight
loading without compromising their posture.

2.2. Experimental protocol

To obtain the values of the kinematic variables, eight Oqus 500 series cameras (Qualisys Inc., Sweden)
and two Amti ground reflectors (Amti Inc., USA) were used. Motion data were sampled at 100 Hz, and
force plate data at 1000 Hz. A combination of plates (2.5 kg, 5 kg, 10 kg, and 20 kg) and a bar (20 kg)
were used for the squats.

The participants were instructed to perform back squats. A back squat is a squat method that involves
placing a barbell on the trapezius and posterior deltoid muscles [23]. After being weighed, the participants
were then instructed to lift 25%, 50%, 100%, and 125% of their body weight. The participants’ weights
were established as the maximum loads, based on the method described in a previous study [24]. While
performing the squats the participants were instructed to maintain their gaze directly ahead and to squat as
deeply as possible within their potential range. The participants were asked to squat and stand three times
consecutively for each load condition; the total completion time of the back squats was not controlled. This
was because a similar rhythm exists without controlling the speed of performance [25]. The participants
rested for two minutes for every change in the barbell load, with the barbell loads presented in a random
order.

2.3. Data analysis

Analysis of the changes in kinematic and kinetic variables of the lower extremities during the perfor-
mance of the back squat with increasing load was conducted on the right leg, which was the dominant
leg of each of the participants. COP sway, vertical comorbidity, ROM of the joint angles, and peak joint
moment during the back squat operation were analyzed. Each analysis variable was calculated when
the participants performed back squats with different loads of 25%, 50%, 100%, and 125% of their
body weight (BW). 150% BW and 175% BW were also predicted to analyze the effect on the joints
when applying excessive loads that could not be easily measured because of the possibility of creating
excessive risk or dangerous situations during the experiment. The regression equation of each variable
was calculated for load increases of 50—125% to predict the change that would occur in the loads over
125%.

The phase of the back squat motion designated for analysis was set between the beginning of the
downward vertical displacement of the body center from the initial standing position, and the moment
when the height of the body center passed the lowest point and returned to the starting position. All
variables were analyzed using the data obtained within these phases.

The COP sway was calculated as the standard deviation of the COP trajectory during the task. The ROM
of the joint angles and vertical COM velocity were analyzed for kinematic verification. The variables of
the lower extremity joints were obtained in the frontal, transverse, and sagittal planes. The definitions of
the rotation axes of the joints in each plane are shown in Fig. 1. The joint moments analyzed in this study
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Effect of Increase Load on Joint Moments(unit: Nm/kg)
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Fig. 1. Effect of load increase on joint moments at three joint axes. Only the significant results were presented as tables, and only
the significant statistical results according to the load difference in each table were indicated (unit: Nm/kg).

were the peak joint moments during each phase. Joint moments were analyzed along the anterior-posterior
axis in the frontal plane, medial-lateral axis in the sagittal plane, and vertical axis in the transverse plane.
Two joint moments were analyzed at each axis: extension and flexion in the sagittal plane (abduction and
adduction in the frontal plane/internal and external rotation in the transverse plane).

2.4. Statistics

Analysis of variance (ANOVA) was performed to identify significant differences in each variable in line
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Table 1
Kinematic and COP results of back squat
Movement Parameter %Body weight resistance F P
25% 50% 100% 125%
COP sway ML 0.274 + 0.108 0.27 4+ 0.069 0.289 + 0.077 0.348 £ 0.1 1.294  0.296
(m) AP 1.651 £ 0.24 1.825 4+ 0.536 2.269 £+ 0.501 2.132+£0.65 2492 0.081
Vertical COM  Superior 0.45 +0.136 0.459 + 0.134 0.481 £ 0.103 0.431 £0.106 0.240 0.868
velocity (m/s)  Inferior —0.325 +£0.106 —0.327 £0.099 —0.318 £0.084 —0.317 £0.075 0.025 0.995
Angles at Ankle 32.029 +4.143 32287 £4.244  32.601 +3.953 31478 £3.969 0.109 0.954
sagittal plane ~ Knee 97.837 £6.923  98.328 +7.313  95.162 £6.029 92916 +£5.308 1.221 0.321
(degree) Hip 70.603 £ 9.928 71.79 £9.185 68931 £9.600 69.086 +£9.896 0.158 0.924
Angles at Ankle 7.039 4+ 2.988 7.456 4+ 3.486 6.818 +2.715 6.654 +3.571 0.094 0.963
frontal plane Knee 9.593 +3.845  10.032 + 3.927 9.877 £ 4.703 9.084 +4.135 0.080 0.970
(degree) Hip 16474 +£4.763  17.410 £5.076  15.266 + 6.76 16.108 £ 6.651 0.183  0.907
Angles at Ankle 13.288 +2.225 12517 £1.986  12.748 +2.598 12399 +2.737 0.215 0.885
transverse Knee 23.715 £5.558 23443 £4.784 20946 £4.866 19916 £ 5401 1.048 0.387
plane (degree) Hip 15.879 £5.565 17713 £5.675 18.131 £4.822 19397 £5.079 0.604 0.618

with load increases within the group. The Scheffe test was used for post hoc analysis, and the significance
level was set at P < 0.05. Linear regression analysis was performed to predict the level of change in
each variable according to the load increases, and the loads heavier than those measured directly in the
study. Based on the calculated regression equation, the predicted values of the variables at 150% and
175% body weight loads were estimated. The prediction of variables was performed on variables with
calculated r-squared values of 0.4 or higher.

3. Results
3.1. COP and kinematic variables

The results of the analyses of the COP variability and kinematic variables in Table 1 describe the
recorded back squat performance. The COP and joint ROM were analyzed to identify any changes in the
movement of the lower extremities corresponding with load increase, along with the vertical COM velocity
for the timing of back squat performance, and joint angles for the change in the range of movement of the
lower extremity joints. None of these variables showed significant changes corresponding to increased
load. These results demonstrate that there was no wavering in the movement, the timing was consistent,
and the movement of the lower extremities did not differ significantly despite the increase in load.

3.2. Joint moments

A back squat is an exercise in which a person fixes both legs to the ground, holds a loaded barbell on the
upper trapezius at the back of the neck, sits down, and stands up. The majority of voluntary movement of
the lower extremities that occurs during sitting and standing movements takes place in the sagittal plane.
As the load was increased during the back squat, significant differences were observed in all moments
measured in the sagittal plane. However, among the valgus and varus moments seen on the frontal plane,
significant differences were only seen in ankle adduction (f = 7.043, p = 0.001), hip abduction (f =
3.242, p = 0.037), and hip adduction (f = 5.846, t = 0.003). On the transverse plane, where the torsional
movements of the joints appeared, there were significant differences in ankle eversion and hip external
rotation (f = 11.070, p < 0.000) (Table 2; Fig. 2).
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Table 2
Joint moment results of back squat
M(;)\{aneent Joint Moments %Body weight resistance F Sig.
25% 50% 100% 125%

Sagittal Ankle Plantar —0.394 + 0.062 —0.557 £ 0.116 —1.035+0.191 —1.221 +0.188 54.362 0.000
plane Dorsi —0.038 +0.072 —0.093 + 0.041 —0.239 £+ 0.129 —0.327 +0.207 8.475 0.000
(Nm/kg)  Knee Flexion —0.103 £ 0.130 —0.291 £ 0.095 —0.523 +£0.192 —0.520 + 0.215 12.013 0.000
Extension 1.294 + 0.230  1.400 + 0.236 1.747 +£ 0.266  1.925 + 0.380 8.581 0.000
Hip  Flexion 0.057 £ 0.149 —0.175 £ 0.155 —0.354 +0.269 —0.282 + 0.288 5.111 0.006

Extension —0.823 +0.422 —1.205 £+ 0.422 —1.898 +0.542 —2.081 £ 0.595 11.053 0.000

Frontal Ankle Inversion  —0.018 £0.013 —0.018 £0.017 —0.034 +£0.016 —0.042 £0.030 2.813 0.057
plane Eversion  —0.141 + 0.040 —0.162 = 0.044 —0.204 £ 0.055 —0.248 =0.079 5.612 0.004
(Nm/kg)  Knee Abduction —0.317 £0.106 —0.361 £0.118 —0.400£0.111 —-0.437 £0.104 1.764 0.177
Adduction —0.051 £0.081  0.016 £ 0.068 0.064 £0.095 0.002£0.095 2.448 0.084

Hip  Abduction —0.266 + 0.136 —0.169 =0.099 —0.129 + 0.109 —0.303 = 0.160 3.242 0.037

Adduction  0.474 +0.264  0.732 £ 0.263 0.963 £ 0.284 1.011 £0.335 5.846 0.003

Transverse Ankle External —0.033 £0.027 —0.020 £ 0.0380 —0.014 +0.053 —0.031 £0.059 0.296 0.828
plane Internal 0.159 £ 0.084  0.200 £ 0.076 0.314 £ 0.113  0.336 = 0.090 7.043 0.001
(Nm/kg)  Knee External —0.26 £0.128 —0.375 £ 0.124 —0.415+0.158 —0.394 +0.138 2.026 0.133
Internal 0.096 £ 0.039  0.084 £ 0.057 0.087 £0.068  0.151 £0.082 1.967 0.142

Hip  External —0.354 £ 0.068 —0.357 +0.126 —0.439 + 0.100 —0.600 + 0.088 11.070 0.000

Internal 0.173 £0.248  0.269 £ 0.220 0.310£0.322 0.222£0.439 0.275 0.843

*Significant parameters in bold letters.

The results of the post-hoc analysis performed on the variables that showed significant differences in
ANOVA are shown in Fig. 1. Most joint moments did not show differences at loads of 25% and 50%;
however, most showed differences at loads of 100% or higher. Among the moments, the hip adduction
moment and ankle eversion did not differ significantly in the post-hoc analysis.

3.3. Variable prediction at over load back squat

The kinetic and kinematic variables analyzed in the previous section were measured at 35% to 125% of
the participants’ body weights. Based on the measured data, the results were predicted for each variable
at loads of 150% and 175% (Table 3). As a result, the moment variables excluding hip flexion showed
r-squared values of 0.4 or higher in the sagittal plane and 0.4 or higher for ankle internal rotation and hip
external rotation on the transverse plane. However, the r-squared values of regression were less than 0.4
for moments, COP, and kinematic variables of the frontal plane.

4. Discussion

Squats vary in intensity depending on the weight load and squat depth [6]. A change in exercise
intensity results in a larger or smaller load being placed on the muscles and joints. Proper loads help
strengthen the muscles according to the principle of progressive overload. However, attempting to use
loads beyond one’s physical ability, or performing squats with improper posture may result in injuries to
the lower extremity joints. Even when squats are performed with a consistent posture, the load on the
joint may vary depending on the structural dynamics, posture, and movement characteristics of the joint,
which can lead to injury if the varying weight loads cannot be supported.

The experimental task of this study was to perform squats as deep as possible in the participants’ own
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Fig. 2. Time series data of ankle, knee, and hip joint moments (black line: 25% BW, blue line: 50% BW, red line: 100% BW,
green line: 125% BW, dash line: event of full squat (around 57%)).

rhythms under all load conditions. Kinematic analysis showed no significant differences in COP sway,
joint angles, or COM velocity despite the increased load (Table 1). These results confirm that the back
squat performance of the study’s participants was relatively consistent, regardless of the extent of the
load increase. The results of the kinematic experiment were consistent with those of a previous study that
reported a similar rhythm of movements, even when the speed of squats was not controlled [25].

In this study, it was possible to calculate and estimate the moments applied to the lower extremity joints
according to each load condition, while largely excluding the influence of posture because the participants
performed back squat movements correctly without breaking posture, regardless of the load conditions
applied. The fact that the participants’ posture did not collapse implies that the moment arm factor could
be excluded from the calculation of the moment. As shown in the joint moment results (Fig. 2), significant
changes in moments occurred in all lower extremity joints (ankle, knee, and hip) in the sagittal plane
as load increased (Table 2). These results closely matched with previous research findings [12]. This is
partly consistent with other previous studies that showed that the increase in joint torque is caused by the
inertia of the barbell load and extension of the hip joint angle. The results of this study also demonstrated
an increase in flexion and extension moments in the sagittal plane, but did not record extension of the
hip joint angle. These differences may be attributed to the fact that the current study used 125% of the
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Table 3
Results of regression analysis

BW 150% BW 175%

Parameters Equation I square prediction  prediction
Moments
Sagittal plane Ankle Plantar —1.183x+0.234 0.819 —1.541 —2.133
Dorsi —0.405x+0.18 0.464 —0.428 —0.630
Knee  Flexion —0.593x+0.159 0.503 —0.730 —1.026
Extension  0.896x+0.808 0.461 2.151 2.599
Hip Flexion —0.478x+0.23 0.262 - -
Extension —1.787x+0.062 0.520 —2.618 —3.512
Frontal plane Ankle Inversion —0.145x—0.062 0.367
Eversion —0.036x+0.003 0.211
Knee  Abduction —0.159x—0.239 0.159 - -
Adduction  0.083x—0.065 0.066
Hip Abduction  —0.029x—0.191 0.003 - -
Adduction  0.736x+0.151 0.359 - -
Transverse plane  Ankle External 0.005x+—-0.029 0.001 - -
Internal 0.258x+0.026 0.402 0.414 0.543
Knee  External —0.177x—0.206 0.121 - -
Internal 0.067x4-0.046 0.082 - -
Hip External —0.328x—0.151 0.458 —0.643 —0.806
Internal 0.075x4-0.177 0.005 - -
corp
COP sway ML 0.097x4-0.21 0.091 - -
AP 0.755x+1.309 0.157 - -
COM
Vertical COM velocity Superior —0.015x+0.468 0.001 - -
Inferior 0.014x—0.334 0.002 - -
Joint angles
Flexion/extension Ankle —0.535x+32.567 0.002 - -
Knee —7.171x+102.335 0.098 - -
Hip —2.997x+72.731 0.008 - -
Abduction/adduction Ankle —0.975x+13.591 0.014 - -
Knee —0.673x+10.235 0.002 - -
Hip —1.298x+17.45 0.004 - -
Rotation Ankle —0.717x+7.619 0.004 - -
Knee —5.558x+26.868 0.093 - -
Hip 4.389x+13.939 0.058 - -

*Significant parameters and r-squared values above 0.4 with bold letters.

participants’ weight as the maximum load and caused no excessive load. Participants in the previous
studies cited performed squats at a maximum load of up to 102% of 1-RM based on the standard of
1-RM. No differences were recorded in the joint ROM or COP variability of the participants; the only
differences found were in joint moments. This study confirmed that the joint moments varied according
to the load applied, even in the same posture. According to the pattern of joint moment occurrence in the
sagittal plane, the largest knee and hip moments occurred when the squat was at its deepest, or when the
COM was near its lowest position. By contrast, in the case of ankle moments, the heavier the load, the
larger the moments that occurred during ascent. This pattern suggests the need for greater ankle torque in
order to maintain posture during the latter motions of the squat when the load increases.

The squat is undeniably a multi-joint exercise, with many studies having shown that it is an exercise with
a high contribution from the hips, ankles, and knees. In support of these existing studies [12], the flexion,
extension, and external rotation moments of the hip joint were shown to increase as the weight increased.
In the knee joint, the flexion/extension moment increased significantly with an increase in weight, which
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can be a major factor in injury. This result is consistent with the findings of Gullett et al. [3]. Although the
flexion/extension moments showed significant differences in all joints, the adduction/abduction (frontal
plane) and internal/external (transverse plane) moments showed significant differences only in the ankle
and hip joints. In the case of the ankles, there were significant differences in the eversion and internal
rotation moments. Examination of the occurrence pattern of the moment during a squat revealed that
the internal rotation of the ankle on the transverse plane increased during the descent, and decreased
during the ascent of a squat as the load increased. The ankle eversion moment on the frontal plane was
at its maximum before reaching the lowest squat position when using a light load condition. However,
the maximum moment occurred during the ascent as the load increased. From these results, it can be
concluded that as the load increases, the use of the internal rotator muscle increases significantly during
the descent, with eversion-related muscles being primarily used during the ascent. Although squat motions
are known to require strengthening of the ankle dorsiflexors [8], rotators and adductors also play an
essential role in maintaining ankle stability when the load increases. Ankles are especially susceptible to
injury because they are the final area that receives the load at the bottom of the human body and has a
wide range of motion [26,27]. Therefore, improving the stability of the directionality of all joints, as well
as the flexion and extension of the ankles is crucial to avoiding injury.

Excessive increases in hip adduction [28] and hip internal rotation [29] during hip joint movement can
cause knee pain. The results of this study showed a significant difference in hip adduction and abduction
during squat movements as the load increased. The hip adduction moment during a squat using 100% or
125% body weight load was more than twice the moment recorded during a squat using a 25% weight
load. However, the post-hoc test of the abduction moment showed no significant differences. These results
were similar to those of previous studies that showed excessive hip adduction as a cause of knee injuries.
Therefore, the results of this experiment can be interpreted as follows: if the muscle strength required
to withstand the occurring joint moments is insufficient, performing squats using more than 100% of
one’s body weight can result in knee injuries. Prior research has shown that an increase in the internal
moment could be associated with injury; however, the results of this experiment showed no differences in
the internal moments, but did show an increase in the external moments. The load increase of squats can
be said not to affect the hip internal moment, which is one of the factors that causes knee injuries, but
rather to affect the increase in the opposite load. Among the hip rotation moments, the maximum external
moment occurred when the squat was at its deepest, and the maximum internal moment occurred at the
beginning and end of the squat. Therefore, training the rotators of the gluteus muscles, which are required
at the deepest squat position, is deemed necessary to prevent the excessive internal moment identified in a
previous study.

The r-squared value was larger in the sagittal plane than in the front and transverse planes. This indicates
that as the squat load increased, the flexion and extension moments were more likely to increase. As
the squat operation is a movement mainly composed of flexion and extension, the role of the flexor and
extension muscles also increases as the load increases [8]. If sufficient muscle strength is present, the
movement can be successfully performed; however, it is also believed that it can effectively counter the
moments that occur. Ultimately, this study aimed to secure reference data on the risk of joint injuries
during back squat motions resulting from estimated weight increases, as demonstrated through the
analysis of the results shown in Table 3. It was possible to identify the moments applied to each joint of
the lower extremities when performing back squats with 150% and 175% body weight loads (Table 3).
Linear predictions were made according to the increase in the moments of the ankle, knee, and hip joints
in the sagittal plane. In addition to the moments occurring in the sagittal plane, sufficient regression
equations were produced to predict the ankle adduction and hip external rotation moments. The ankle
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adduction moment was estimated to be 0.414 Nm/kg at 150% of body weight and 0.543 Nm/kg at 175%,
whereas the hip external rotation moment was estimated to be —0.642 Nm/kg at 150% of body weight
and —0.806 Nm/kg at 175%. In addition to the primary joints, the increase in joint moments in the ankles
and knees are considered to increase the likelihood of injuries in these areas. Strengthening the flexors
and extensors of the knees, dorsiflexors of the ankles, and extensors and external rotators of the hips is
necessary to withstand the additional weight load.

5. Conclusion

This study aimed to identify changes in the load on the lower extremity joints corresponding with
changes in barbell weight during back squats. No significant differences were found in the participants’
movements of the lower extremities, variations in body center, or levels of balance maintenance despite
the changes in weight load. However, the moments applied to the lower extremity joints were shown
to differ with the changes in barbell weight. First, flexion/extension moments occurred in all joints in
the sagittal plane, in the hips, knees, and ankles. Ankle internal rotation, hip adduction, and hip external
rotation all showed differences in joint moments depending on the directions of adduction, abduction,
and rotation. These results suggest that ankle and hip moments may occur to maintain a stable and
consistent posture while withstanding increased weight load. This further signifies that resistance training
for individual muscles that increase the internal and external rotation of the ankle and hip joints should be
performed in parallel to ensure a stable and gradual weighted-back squat.

In addition, after calculating the applied joint moments when lifting the barbell at 25%, 50%, 100%,
and 125% of the participants’ body weights, the estimated moments for additional weight loads (150%
and 175%) were predicted using regression analysis. The load on the lower extremity joints becomes
considerably greater when exercising with a barbell heavier than 150% of body weight; therefore, caution
is recommended. However, because the joint moments at 150% and 175% loads that were not tested
in this study were predicted as a linear function, changes in motion that occur when the actual load is
increased were not considered. The results presented in the study also have limitations in that they cannot
be applied to people who cannot lift high weights equating to more than 150% of their weight. Explaining
the direct relationship between the results of the moments presented in this study and injury is a further
limitation of this study. Future research involving additional musculoskeletal simulation studies should be
conducted to explain the correlation between joint moments and injuries. It is hoped that this data can be
used as a reference point for injury prevention in the future, by allowing people who wish to increase
the intensity of their workouts to accurately gauge the demands placed on each lower extremity while
increasing the weight load of back squats.
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