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Abstract: The effect of heel elevation on the barbell squat remains controversial, and further explo-
ration of muscle activity might help find additional evidence. Therefore, 20 healthy adult participants
(10 males and 10 females) were recruited for this study to analyze the effects of heel height on lower
extremity kinematics, kinetics, and muscle activity using the OpenSim individualized musculoskele-
tal model. One-way repeated measures ANOVA was used for statistical analysis. The results showed
that when the heel was raised, the participant’s ankle dorsiflexion angle significantly decreased, and
the percentage of ankle work was increased (p < 0.05). In addition, there was a significant increase
in activation of the vastus lateralis, biceps femoris, and gastrocnemius muscles and a decrease in
muscle activation of the anterior tibialis muscle (p < 0.05). An increase in knee moments and work
done and a reduction in hip work were observed in male subjects (p < 0.05). In conclusion, heel raises
affect lower extremity kinematics and kinetics during the barbell squat and alter the distribution of
muscle activation and biomechanical loading of the joints in the lower extremity of participants to
some extent, and there were gender differences in the results.

Keywords: barbell squat; OpenSim; lower limb biomechanics; muscle; joint work

1. Introduction

The barbell squat is one of the most effective exercises for building lower extremity
strength [1–15] and is widely used for strength training and rehabilitation. During barbell
squat training or competition, athletes often wear a type of heel lift shoe or use other
means to elevate the heel, which is thought to improve the range of motion (ROM) of the
lower extremity joints and improve stability of movement during the deep squat [16–21].
However, there is still controversy about whether raising the heel will affect the barbell
squat movement.

Previous studies have shown that elevating heel height while performing barbell
squats reduces the ankle dorsiflexion angle and anterior trunk tilt [16,18,22–24], which
might help reduce lumbar spine shear forces [25]. However, some studies have reported
that heel elevation does not affect hip and knee kinematic parameters [6,23,24]. In a study
by Lee et al. [6], there were no significant effects on trunk and knee kinematics, whether
using an inclined platform or weightlifting shoes. The participants recruited in the study
by Lee et al. were all recreational weight lifters [6], and their movement patterns when
performing a high load (80% 1RM) barbell squat could have large individual differences.
Moreover, in the study by Lee et al. [6], participants were asked to squat until their hips
reached the level of their knees rather than reaching maximum depth, which may have
resulted in some participants not having reached the full ROM that they could accomplish.
Furthermore, it is worth noting that although the variability in results was not significant,
Lee et al. still observed greater knee flexion angles when raising the heel. In a recently
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published review [11], Pangan et al. noted that most current studies have focused on the
effects of heel elevation on the kinematics of the deep squat movement, and fewer studies
have examined the effects on kinetics, which may provide some valuable evidence for
these effects.

Although coaches and athletes have been hoping to improve the movement pattern of
the barbell squat by elevating the heel, the human neuromuscular system has the specific
ability to adapt and coordinate to changes in the external environment, and therefore,
small heel changes might hardly have a significant effect on the movement. Perhaps, it is
reasonable to speculate that in some studies [6], lifters with some experience already have a
relatively regular movement pattern. When the heel is elevated, the trainer would actively
adjust the joint activity to fit the change, thus, the kinematic effects of elevated heel height
on the deep squat may be difficult to observe. This was also demonstrated in a study by
Sayers et al. [25]. Therefore, it might be possible to provide additional insight by studying
kinetic parameters and muscle activity.

During the barbell squat, it is often necessary to engage the joint with the optimal
moment and angular velocity to perform the barbell squat better [26–28]. The output power
is closely related to the coordination of forces [26], rather than a solely single muscle [29].
When the heel is raised, it might cause the angle and ROM of the lower extremity joints
to change, which may modify the joint’s mechanical forces and affect the joint’s work. In
addition, during the barbell squat, especially during descent, some lower limb muscles
are actively engaged in eccentric contraction to maintain the stability of the movement,
involving energy dissipation, which is essential for the control of the action. Currently,
many studies have used energetic principles to investigate the work done by joints in
various states of motion [30–34]. These studies often use line and bar graphs to produce
reports of the work done by the joints, which may be difficult to interpret with a single
overlapping line and error line [35]. Recently, Ebrahimi et al. proposed composite lower
limb work (CLEW) [35], a visualization method for interpreting lower limb work that has
been used for landing, jumping, and gait tasks [35–37]. However, little attention has been
paid to the effect of heel height on lower limb work during the barbell squat. In conclusion,
the effect of elevated heel height on the kinematics and kinetics of the barbell deep squat
remains controversial due to the differences in study designs. Pangan et al. suggested [11]
that relevant studies could consider the gender and analyze muscle activity, since joint
mobility and anatomical differences between men and women may affect kinematics and
kinetics [23,24], and exploring muscle activity may help to explain the test results.

As a multi-joint exercise, the barbell squat primarily requires activating the hip, knee,
and ankle joints [11]. Several studies have used surface electromyography (EMG) to test
the effects of different foot conditions on the barbell squat [23,25,38]. Anbarian et al. found
that raising the heel reduced fatigue in the lower back muscles [39]. Johnston et al. found
that raising the heel significantly increased muscle activation in the gastrocnemius [40].
However, it is difficult to obtain information about deeper muscles using surface EMG,
and the fat between the skin and the muscle may affect the measurements. OpenSim is
an open-source biomechanical modeling, simulation, and analysis software. It enables the
calculation of muscle activation by minimizing the sum of squares of muscle activation, and
by using simulations, it can be used for calculating the degree of activation of deep muscles.

Therefore, in this study, we used an OpenSim musculoskeletal model specifically for
the deep squat to reveal the effects of insoles with different heel heights on lower extremity
muscle activation and work done during the barbell deep squat [8]. Based on previous
studies, we hypothesized that an elevated heel would reduce mobility, extension moments,
and joint work reduction in the hip and ankle joints instead of the knee.

2. Materials and Methods
2.1. Participants

The sample size for the within-factor repeated measures ANOVA (1 group × 3 mea-
surements) was calculated using G*Power 3.1 (Franz Faul, Germany), as suggested by
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Faul et al. [41], taking into consideration Cohen’s medium effect size (d = 0.5), α error
probability = 0.05, and power (1 − β) = 0.8. Based on these parameters, it was estimated
that a minimum of 9 participants would be required for this study.

Twenty participants (female/male, 10/10) were eventually recruited for the experi-
ment. All the participants were healthy and had more than 12 months of strength training
experience, and the 1RM load of the barbell squat was between 1 and 1.2 times body
weight for the female participants and between 1.75 and 2 times body weight for the male
participants. They had no history of back and lower limb pain or injury in the most recent
year and did not have any exercise in the 72 h before the experiment. All participants were
aware of the test’s purpose, method, and steps and filled in the informed consent form. The
study was approved by the Ethics Committee of Ningbo University. Table 1 summarizes
the demographic information related to the age, height, and weight of the participants.

Table 1. Basic information of participants.

Index
Gender

Male Female

n 10 10
Age (years) 24.00 ± 1.48 23.50 ± 1.12
Height (m) 1.75 ± 0.03 1.66 ± 0.02
Weight (kg) 79.00 ± 5.34 59.25 ± 3.96

Training age (years) 2.00 ± 0.71 2.75 ± 1.09
Participants’ height and weight tests were performed uniformly before the experiment.

2.2. Experimental Design

Reflective point trajectories were captured using a Vicon 3D motion capture system
(v. 1.8.5, Vicon Motion System, Oxford, UK) with eight cameras (MX-T-Series) at 200 Hz
and an AMTI 3D force meter (AMTI, Watertown, MA, USA) at 1000 Hz to capture the
marker point trajectory and ground reaction force simultaneously (Figure 1c,d). At least
two cameras could capture the reflective markers during the entire barbell squat movement,
avoiding gaps during data collection or marker points in a particular direction obscuring
the barbell, therefore, ensuring accuracy.

The surface hair, body surface grease, sweat, and other foreign matter that may
affect EMG signal collection were removed with a razor before attaching the sensor. The
sensor was attached to the muscle belly of the target muscle, and the electrodes were
placed parallel to the direction of the muscle fibers, with the direction of the muscle fibers
referenced to the bony markers on the participant’s body surface. Using the rectus femoris
muscle as an example, the electrodes need to be placed at 50% on the line from the anterior
spina iliaca superior to the superior part of the patella. The EMG signals of the rectus
femoris, biceps femoris longus, tibialis anterior muscle, and gastrocnemius muscle were
collected synchronously with 1000 Hz frequency using a wireless Delsys EMG test system
(Delsys, Boston, MA, USA) for model verification. The maximum voluntary contraction
(MVC) was measured using a CON-TREX dynamometer (CON-TREX MJ System, CMV,
Dübendorf, Switzerland). The original EMG signal was first filtered by bandpass fourth-
order Butterworth filter in the frequency range of 100–500 Hz in Delsys EMG works analysis
software. The amplitude analysis is carried out using root mean square (RMS) calculation.
The MVC and standardized activity value of each action was output. The EMG activity
was calculated from 0 (0, completely inactive) to 1 (100%, fully activated) through the test
root mean square amplitude/MVC root mean square amplitude.
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Figure 1. (a) Marking point paste location; (b) description of marker point location; (c) lab environ-
ment, barbell squatting movements, major muscle groups, and heel life insoles; (d) major muscle 
descriptions and illustrations; (e) Creation of a CLEW method pie chart for barbell squats; (e-left) 
first, the pie chart is divided according to the positive and negative work done. Starting from the 

Figure 1. (a) Marking point paste location; (b) description of marker point location; (c) lab environ-
ment, barbell squatting movements, major muscle groups, and heel life insoles; (d) major muscle
descriptions and illustrations; (e) Creation of a CLEW method pie chart for barbell squats; (e-left) first,
the pie chart is divided according to the positive and negative work done. Starting from the centerline,
the positive work is on the left side of the circle (dark), while the negative work is on the right side
of the process (light dot); (e-middle) secondly, the pie chart is divided according to the descending
and ascending stages of the squatting movement. The dotted part of the outer circle indicates the
descending phase of the squatting movement, and the solid line represents the ascending stage. The
percentage of the relative positive or negative work in the absolute stage work is expressed in the
outer ring; (e-right) finally, each relevant constituent work is designated as part of the pie chart,
squatting down in the order of the hips, knees, and ankles, starting with the central reference line,
and the colors and patterns inside the pie chart are used to distinguish joints and to separate positive
work from negative work.
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All participants performed a deep squat weight limit test under the guidance of a
relevant practitioner. Participants performed a 5 min squat exercise to warm up before
the experiment. In this study, only the dominant foot of the participants was analyzed.
The dominant foot was determined using the customary soccer kick. All participants
involved in the experiment had the right side as the dominant foot. All participants wore
uniformly provided tights during the test, and the marking points were taped by the same
skilled tester (Figure 1a,b). The calibration procedure of the VICON 3D motion capture
system was performed according to the recommendations of the camera manufacturer.
Each participant performed barbell squats in a randomized order wearing shoes with 0 cm,
1.5 cm, and 3 cm heel inserts (Figure 1c). The participants could not be blinded because
the participants perceived the intervention conditions. Each participant used a high bar
position squat with a weight selection of 70% 1RM and the right foot in contact with the
force platform during the test. The 70% 1RM load is considered to be a typical choice of
training load [23] and is also considered to have low movement variability and high retest
reliability [42–45] to maintain the level of repeatability required to obtain a representative
dataset. The test began with the knees in an upright position, squatting down to the deepest
point while ensuring a neutral pelvic position and keeping the heels off the ground. Then,
participants extended the hips, knees, and ankles, and returned to the upright position and
the end of the movement. There was at least 2 min between each deep squat, and then
participants rated their perceived exertion using a scale to ensure participants were well
rested. All variables (min, max, and ROM) were obtained at each squat, and then averaged
for each group. Finally, three sets of data for each heel height condition were used for
statistical purposes.

2.3. Musculoskeletal Model and Model Validation

A customized deep squat model was used in this study [8,46]. This model has been
used several times in previous studies [8,47]. The model was validated using the standard-
ized muscle electrical signals obtained from the Delsys EMG test system measurements as
compared with the degree of muscle activation output by the OpenSim static optimization
algorithm. In addition, joint angles and joint moments were compared to data obtained in
other studies to verify the accuracy of the model.

2.4. Data Processing

The data were processed using Vicon Nexus (v.1.8.5, Vicon Motion system, Oxford,
UK). The trajectory data of the marker points and ground reaction forces were filtered
using 12 Hz and 60 Hz [8]. The filtering was performed by using a personalized MATLAB
program (v2017a, The MathWorks Inc., Natick, Middlesex, MA, USA). Then, the trajectory
and ground reaction force data were converted and processed using MATLAB (such that
the c3d format files were converted to trc and mot formats usable for OpenSim input).

The weights of the marker points in the model were manually adjusted, and the model
was scaled to match the anthropometric characteristics of the participants so that the root
mean square error of the marker points and virtual marker points in the experiment was less
than 0.02, and the maximum error was less than 0.04. Then, the joint angles and moments
were calculated using the inverse kinematics and inverse dynamics algorithm tools in
OpenSim. Static optimization was used to estimate the degree of muscle activation during
exercise for the major muscle groups, including the rectus femoris, vastus medialis, vastus
lateralis, vastus intermedius, biceps femoris, gastrocnemius, soleus, and tibialis anterior.

Hip and knee extension and metatarsal flexion of the ankle joint were defined as
positive numbers. Joint power was calculated as the product of the joint moment and
joint angular velocity (determined from kinematic data) [26]. Mechanical work was cal-
culated as the joint power accumulated over time, with negative work values indicating
the energy dissipation of the muscle due to eccentric contraction (e.g., the quadriceps
muscle is elongated during knee flexion when the quadriceps is in an eccentric contraction
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state) [26,48–51]. Participants’ power and mechanical work were normalized based on the
sum of the participant’s body weights and the weight of the barbell used.

In the present study, the work done by the limb was visualized with reference to the
CLEW method proposed by Anahid et al. [35]. Absolute work was defined as the sum
of positive and negative work done by the limbs (hip, knee, and ankle) throughout the
squat cycle. Relative work was defined as the absolute value of the work done by each
component as a percentage of the absolute total. The pie chart for the CLEW method in
this study was created using the steps described in (Figure 1e).

2.5. Statistical Analysis

Normality and sphericity hypotheses were verified using Shapiro–Wilk’s and Mauchly’s
tests, respectively. Means and standard deviations were calculated for kinematics, kinetics,
and degree of muscle activation for each heel height condition. One-way repeated mea-
sures ANOVAs were performed using IBM SPSS Statistics (version 26, SPSS AG, Zurich,
Switzerland), with Bonferroni’s post hoc tests performed when necessary. If the sphericity
assumption was violated, the degrees of freedom were adjusted using Greenhouse–Geisser
correction. In addition, effect sizes were calculated using partial eta2 (η2

p), with the relative
magnitude of any differences expressed as a standard criterion: small effect size = 0.01,
medium effect size = 0.06, and large effect size = 0.14 [52]. Significance was set at p < 0.05.

3. Results
3.1. Model Validation

As shown in Figure 2, the muscle activation calculated using the OpenSim static opti-
mization tool during barbell squatting is similar to the EMG signal activity recorded in the
experiment, indicating that the data of the OpenSim model in this study is reliable [53,54].
The joint angle and moment obtained by the OpenSim inverse kinematics and inverse
kinetics algorithm are similar to previous studies [8,23,47].
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Figure 2. The results of rectus femoris, gastrocnemius, long biceps femoris, and anterior tibialis
activation levels obtained using the EMG signal and the OpenSim optimization algorithm were
more consistent.

3.2. Joint Angle, Joint Moment, and Joint Power

In Table 2, the results show no significant differences in joint angle, joint moment,
and power of the hip joint regardless of the height of the insoles used (p > 0.05). Only
male participants showed a significant increase in peak knee extension moment (p < 0.001,
F = 19.434, η2

p = 0.599) and a significant increase in mean eccentric power (p = 0.009,
F = 5.745, η2

p = 0.307) was observed when the heel was elevated using the 3 cm insole
as compared with the 0 cm and 1.5 cm insoles. With increasing heel height, a significant
main effect was observed both in the male group (p = 0.001, F = 10.870, η2

p = 0.455) and the
female group (p < 0.001, F = 84.258, η2

p = 0.849), as well as the combined data from both
genders (p < 0.001, F = 56.894, η2

p = 0.662); a significant main effect of maximum plantarflex-
ion angle of the ankle was observed. In all participants (p < 0.001, F = 28.023, η2

p = 0.491)
and in the female group (p < 0.001, F = 51.878, η2

p = 0.776), the maximum ankle dorsiflexion
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angle significantly decreased as the heel was elevated. In addition, the combined data from
both genders showed greater ankle ROM when using 3 cm versus 1.5 cm insoles (p = 0.047,
F = 3.231, η2

p = 0.116); when using 1.5 cm insoles, the ankle ROM of female subjects was
significantly smaller than when using 0 cm insoles (p = 0.011, F = 5.316, η2

p = 0.262); when
using 3 cm insoles, male subjects had significantly greater ankle ROM than when using
0 cm insoles (p = 0.014, F = 5.087, η2

p = 0.281).

Table 2. Joint angle, joint moment, and joint power.

Index
Male Female Average

0 cm 1.5 cm 3 cm 0 cm 1.5 cm 3 cm 0 cm 1.5 cm 3 cm

Hip

Max A (◦) −4.94 ±
9.37

−9.17 ±
4.53

−4.98 ±
13.44

−13.56
± 5.11

−16.21
± 4.67

−19.78
± 4.23

−9.48 ±
8.54

−12.96
± 5.79

−15.27
± 10.67

Min A (◦) −87.23
± 9.45

−88.96
± 9.27

−92.20
± 12.67

−100.94
± 8.21

−106.37
± 7.24

−105.59
± 13.34

−94.54
± 11.15

−98.33
± 11.97

−101.51
± 14.51

ROM (◦) 82.29 ±
9.84

79.79 ±
7.60

87.23 ±
9.43

87.48 ±
8.44

90.16 ±
7.82

85.81 ±
12.89

85.06 ±
9.48

85.37 ±
9.29

86.24 ±
11.96

Peak M
(Nm/kg)

0.86 ±
0.12

0.81 ±
0.15

0.72 ±
0.02

0.68 ±
0.14

0.83 ±
0.20

0.79 ±
0.20

0.76 ±
0.16

0.82 ±
0.18

0.77 ±
0.17

Peak CP
(W/kg)

1.30 ±
0.34

1.28 ±
0.34

1.09 ±
0.24

0.90 ±
0.18

1.06 ±
0.22

1.00 ±
0.25

1.08 ±
0.33

1.17 ±
0.30

1.02 ±
0.25

Peak EP
(W/kg)

−0.86 ±
0.26

−0.98 ±
0.13

−0.97 ±
0.14

−0.75 ±
0.22

−0.93 ±
0.24

−0.97 ±
0.34

−0.80 ±
0.25

−0.94 ±
0.20

−0.97 ±
0.29

Knee

Max A (◦) −16.05
± 7.04

−15.57
± 3.33

−15.24
± 5.97

−10.51
± 7.25

−8.48 ±
4.79

−10.52
± 5.82

−13.09
± 7.67

−11.75
± 5.48

−11.96
± 6.25

Min A (◦) −137.42
± 3.97

−137.52
± 3.92

−140.77
± 4.60

−125.16
± 10.51

−125.57
± 5.84

−129.54
± 7.80

−130.88
± 10.18

−131.09
± 7.81

−132.96
± 8.68

ROM (◦) 121.38 ±
3.97

121.95 ±
3.26

125.53 ±
5.68

114.65 ±
16.89

117.09 ±
9.12

119.02 ±
11.81

117.79 ±
13.07

119.33 ±
7.45

121.00 ±
10.76

Peak M
(Nm/kg)

0.84 ±
0.08 c

0.89 ±
0.07 c

1.02 ±
0.10 ab

0.86 ±
0.10

0.83 ±
0.09

0.90 ±
0.10

0.85 ±
0.09

0.86 ±
0.09

0.93 ±
0.11

Peak CP
(W/kg)

1.07 ±
0.23

1.08 ±
0.16

1.24 ±
0.23

1.13 ±
0.34

1.03 ±
0.24

1.06 ±
0.18

1.10 ±
0.29

1.06 ±
0.21

1.11 ±
0.21

Peak EP
(W/kg)

−1.41 ±
0.32 c

−1.55 ±
0.34

−1.80 ±
0.38 a

−1.08 ±
0.21

−0.99 ±
0.22

−1.21 ±
0.28

−1.23 ±
0.31

−1.25 ±
0.39

−1.39 ±
0.41

Ankle

Max A (◦) −1.66 ±
3.83 c

0.29 ±
5.01

4.28 ±
3.01 a

6.47 ±
2.91 bc

9.33 ±
2.75 ac

16.08 ±
1.11 ab

2.67 ±
5.28 c

5.16 ±
6.00 c

12.49 ±
5.75 ab

Min A (◦) −36.43
± 2.65

−36.14
± 1.90

−34.80
± 1.24

−31.81
± 4.37 bc

−26.12
± 3.90 ac

−21.09
± 2.82 ab

−33.97
± 4.34 bc

−30.74
± 5.90 ac

−25.27
± 6.77 ab

ROM (◦) 34.77 ±
4.96 c

36.43 ±
3.50

39.08 ±
2.82 a

38.28 ±
2.75 b

35.45 ±
2.98 a

37.17 ±
2.70

36.64 ±
4.31

35.90 ±
3.27 c

37.75 ±
2.88 b

Peak M
(Nm/kg)

0.73 ±
0.11

0.68 ±
0.05

0.70 ±
0.07

0.47 ±
0.05

0.47 ±
0.08

0.49 ±
0.08

0.59 ±
0.16

0.57 ±
0.12

0.56 ±
0.13

Peak CP
(W/kg)

0.53 ±
0.14

0.56 ±
0.09

0.66 ±
0.16

0.35 ±
0.09

0.34 ±
0.09

0.35 ±
0.08

0.44 ±
0.14

0.44 ±
0.14

0.44 ±
0.18

Peak EP
(W/kg)

−0.35 ±
0.10

−0.36 ±
0.10

−0.33 ±
0.07

−0.22 ±
0.04

−0.24 ±
0.06

−0.22 ±
0.07

−0.28 ±
0.10

−0.29 ±
0.10

−0.25 ±
0.08

When participants are not gender specific: a significant differences with 0 cm, b significant differences with 1.5 cm,
c significant differences with 3 cm (A, angle; M, moment; CP, concentric power; EP, eccentric power). The joint
angle and joint moment data were obtained from OpenSim, and the joint power data were processed using the
joint angle and joint moment data.

3.3. Joint Work

The proportion of relative work done by the joints during squatting is shown in Table 3
and Figure 3. The combined data from both genders showed that, when using the 3 cm
insole, the percentage of positive work (p < 0.001, F = 103.365, η2

p = 0.781) and negative
work (p < 0.001, F = 17.008, η2

p = 0.370) performed by the ankle joint were significantly
greater than when using 0 cm and 1.5 cm insoles. In female subjects, the percentage of
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positive (p < 0.001, F = 67.250, η2
p = 0.818) and negative (p = 0.001, F = 14.721, η2

p = 0.495)
work performed on the ankle joint was significantly greater with the 3 cm insole than with
the 0 cm and 1.5 cm insoles. In male subjects, the negative work performed on the knee
joint was significantly greater with the 3 cm heel height insole than with the 0 cm insole
(p = 0.040, F = 3.032, η2

p = 0.103). In addition, a significant main effect was observed in
male subjects with higher insoles for both positive (p = 0.005, F = 6.699, η2

p = 0.34) and
negative (p = 0.006, F = 6.281, η2

p = 0.344) work done by the hip joint and the percentage
of positive work done by the ankle joint (p < 0.001, F = 44.394, η2

p = 0.773) both showed a
significant main effect, with the percentage of work done by the hip decreasing and the
ankle increasing with greater heel height.

Table 3. The relative proportion of work done by joints.

Index
Male Female Average

0 cm 1.5 cm 3 cm 0 cm 1.5 cm 3 cm 0 cm 1.5 cm 3 cm

Hip NWR 0.32 ± 0.06 c 0.31 ± 0.07 c 0.25 ± 0.04 ab 0.36 ± 0.08 0.44 ± 0.09 0.40 ± 0.12 0.34 ± 0.07 0.38 ± 0.10 0.35 ± 0.12
PWR 0.38 ± 0.04 c 0.36 ± 0.05 0.32 ± 0.04 a 0.37 ± 0.06 0.44 ± 0.08 0.41 ± 0.10 0.38 ± 0.05 0.40 ± 0.08 0.38 ± 0.09

Knee
NWR 0.56 ± 0.08 c 0.57 ± 0.10 0.63 ± 0.06 a 0.54 ± 0.08 0.46 ± 0.10 0.52 ± 0.13 0.55 ± 0.08 0.51 ± 0.11 0.55 ± 0.13
PWR 0.48 ± 0.06 0.50 ± 0.06 0.52 ± 0.05 0.50 ± 0.05 0.45 ± 0.08 0.48 ± 0.09 0.49 ± 0.06 0.47 ± 0.08 0.49 ± 0.08

Ankle
NWR 0.12 ± 0.04 0.12 ± 0.03 0.16 ± 0.05 0.09 ± 0.01 c 0.09 ± 0.02 c 0.15 ± 0.05 ab 0.10 ± 0.03 c 0.10 ± 0.03 c 0.15 ± 0.05 ab

PWR 0.14 ± 0.03 c 0.15 ± 0.02 c 0.24 ± 0.03 ab 0.13 ± 0.02 bc 0.11 ± 0.01 ac 0.20 ± 0.04 ab 0.13 ± 0.03 c 0.13 ± 0.02 c 0.21 ± 0.04 ab

When participants are not gender specific: a significant differences with 0 cm, b significant differences with 1.5 cm,
c significant differences with 3 cm (NWR, negative work ratio and PWR, positive work ratio). The percentage of
work done by the joints was obtained by processing the joint power data.

3.4. Muscle Activation

The average degree of muscle activation during squatting is shown in Figure 4. In male
subjects, there was a significant main effect of mean muscle activation in the vastus lateralis
(p < 0.001, F = 10.870, η2

p = 0.364) and anterior tibialis (p < 0.001, F = 11.854, η2
p = 0.384) during

deep squatting with different insole heights. Post hoc pairwise comparisons showed that
the mean muscle activation of the vastus lateralis was significantly greater in male subjects
with the 3 cm insole than with the 0 cm and 1.5 cm insoles. The average muscle activation
of the anterior tibialis muscle decreased significantly with increasing insole height.

In female subjects, there was a significant main effect of mean muscle activation in the
short head of the biceps femoris (p = 0.003, F = 6.651, η2

p = 0.259), anterior tibialis (p = 0.01,
F = 5.183, η2

p = 0.214), and medial gastrocnemius (p = 0.018, F = 4.508, η2
p = 0.192) when

using different insole heights. Post hoc pairwise comparisons showed that the mean muscle
activation of the short head of the biceps femoris was significantly greater in female subjects
during the barbell squat when using a 3 cm insole than when using a 0 cm insole. When
using a 1.5 cm insole, the average muscle activation of the anterior tibialis was significantly
less than when using a 0 cm insole. With an increase in the heel height, the average muscle
activation of the medial gastrocnemius increased; the average muscle activation of the
medial gastrocnemius increased when using a 1.5 cm insole. The combined data from both
genders showed that the mean muscle activation of the anterior tibialis showed a significant
main effect (p = 0.01, F = 6.082, η2

p = 0.403) when using different height insoles, and the
mean muscle activation of the medial gastrocnemius increased when using 1.5 cm and 3
cm insoles. The mean muscle activation of the anterior tibialis was significantly greater
with 1.5 cm and 3 cm insoles than with 0 cm insoles.
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Figure 4. Mean standardized muscle activation during the barbell squat in males, females, and
all participants. * Significant differences between the two groups. (RF, rectus femoris; MF, middle
femoral; VL, vastus lateralis; VM, vastus medialis; BL, biceps femoris long head; BS, biceps femoris
short head; TA, tibialis anterior; LG, lateral gastrocnemius; MG, medial gastrocnemius; SO, soleus).
The OpenSim static optimization algorithm obtained the muscle activation data.

4. Discussion

Barbell squats are commonly used for strength training and rehabilitation [1–15]. Heel
elevation during a barbell squat is thought to improve deep squat movement patterns.
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However, current research on the effects of heel elevation on the deep squat has focused on
kinematics, with little evidence on aspects such as kinetics and muscle activity. Therefore,
in this study, we used the OpenSim musculoskeletal model customized for the deep squat
to compare the effects of different heels on joint angles, joint moments, joint power, joint
work done, and the degree of muscle activation during the barbell deep squat.

4.1. Joint Angle, Joint Moment, and Power

Participants’ ankle angles were directly affected during the barbell squat when heel
height was changed. In the present study, it was observed that as heel height increased,
participants exhibited progressively greater ankle plantarflexion and progressively less
ankle dorsiflexion during the barbell squat, which was consistent with our hypothesis.
When the heel is raised, the ankle is forced into a higher degree of plantarflexion, decreas-
ing the ankle dorsiflexion angle [12,18,23,55,56], which may indirectly affect the knee or
trunk angle [11]. In contrast, Charlton et al. showed that participants’ ankle dorsiflexion
angles did not change with heel height [57]. This difference in results may be due to the
experimental design. In the study by Charlton et al., participants used a uniform weight of
20 kg, which was well below the participants’ regular weights in training. While smaller
weights may allow participants to squat with minimal fatigue or technical bias [57], higher
weights may have other effects on movement [15], therefore, the results by Charlton et al.
might not fully explain the effect of heel height. In conclusion, individuals with low ankle
ROM often find it difficult to perform large dorsiflexion movements, therefore, there might
be potential benefits to using heel elevation insoles during the barbell squat.

Similar to the ankle, the kinematics of the knee joint are very easily observed during the
barbell deep squat. Raising the heel has been observed to increase knee ROM and extension
moment in many previous studies [18,20,24,57], similar to the results obtained in this study.
However, in this study, raising the heel height was observed to increase the moment and
mean eccentric power only in male participants, but did not cause a significant change
in knee mobility, which was partially consistent with our hypothesis. The differences in
experimental design may explain the conflicting results in knee angles, such as whether the
control group wore the same style of footwear, whether the depth of the squat had been
maximized, and individual differences in squatting habits. In this study, participants were
all wearing uniform footwear to control these factors and received instruction from the
same coach not associated with the study. In a recent study [17], Monteiro et al. observed
that the ROM of the knee joint increased with heel elevation during the barbell squat.
Still, the difference in knee mobility was only statistically significant when the heel was
elevated by 5 cm. Although the knee kinematics were not statistically significant in this
study, there was still a tendency for peak knee flexion and mobility to be greater with an
increase in heel height in all three cases. Therefore, elevating the heel may still have a
potential effect on knee joint angle during the barbell squat, which is consistent with the
findings of Monteiro et al. In addition, however, a significant main effect of knee moment
was observed only in male participants, and there was a gradually increasing trend in knee
moment and in power as the heel height increased. The results of biomechanical testing
usually need to be analyzed in conjunction with the purpose of the intervention. This study
suggests that heel elevation may increase knee extension moment and power during deep
squats, implying that the knee joint might be subjected to greater loading. Still, this change
in movement pattern is significant for individuals seeking strength, muscle hypertrophy,
and rehabilitation; therefore, a moderate increase in heel height may enhance the knee
joint training effect. The differences in experimental design may explain the conflicting
results in knee angles, such as whether the control group wore the same style of footwear,
whether the depth of the squat had been maximized, and individual differences in squatting
habits. In this study, participants were all wearing uniform footwear to control these factors
and received instruction from the same trainer not associated with the study. In a recent
study [17], Monteiro et al. observed that knee ROM increased with heel elevation during
the barbell squat. Still, a significant difference was only shown when the heel was elevated
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by 5 cm. Similar to the findings of Monteiro et al., although knee kinematics did not show
significant differences in our study, there was still a tendency for peak knee flexion and
mobility to be greater with an increase in heel height. Therefore, heel elevation may still
have a potential effect on knee angulation. Furthermore, although a significant main effect
of knee moment was only observed in male participants, all participants also showed a
gradual increase in knee moment and in power with increasing heel height. In conclusion,
heel elevation during the deep squat may increase knee extension moment and power, but
it also means that the knee joint may be subjected to greater loading. Nevertheless, this
change in movement pattern is important for those seeking strength, muscle hypertrophy,
and rehabilitation; therefore, a moderate increase in heel height may enhance the knee joint
training effect.

In this study, no statistically significant differences in hip joint angle, joint moment,
or power were found regardless of the height of the insole used by the participants in the
barbell squat. Although it is widely believed that elevating the heel during the barbell squat
might result in a more upright trunk to prevent back injury, the current findings suggest
that heel height only has little effect on hip flexion angle [20,23,24,58] and no statistically
significant effect on hip and lower back muscle activation was found [58]. Notably, although
raising the heel had little effect on the hip flexion angle during the barbell squat, the tilt
angle of the trunk decreased with heel elevation in the study by Monteiro et al. [17]. This
may result in a biomechanical transfer from the hip joint to the knee joint, contributing to
the increased knee moment.

4.2. Joint Work

A comparative analysis of the proportion of lower extremity joints doing work showed
that the proportion of hip joint work decreased with increasing heel height. In contrast,
the proportion of ankle joint work increased gradually. Combined with the results of other
indices, it can be hypothesized that when heel height is increased, male participants prefer
to use the knee joint rather than the hip joint to lift the barbell. In contrast, the ankle
joint needs to improve plantarflexion performance to enhance trunk stability. Although
an increase in ankle work ratio was also observed in female participants, the knee work
ratio did not change significantly with the increased heel height. In contrast, the hip
work ratio increased with a 1.5 cm heel, which may be influenced by the physiological
differences between gender and the level of training. To the best of our knowledge, this is
the first attempt to analyze the effect of heel height on the lower extremity joint work ratio.
Therefore, the current evidence could not draw definitive conclusions about the specific
effects of heel height on lower extremity joint work during the barbell squat, and more
evidence would be helpful.

4.3. Muscle Activation

This study suggests that heel elevation may increase activation of the knee extensor
and the metatarsal flexor muscle group, similar to the results of previous studies [40,59]. In
a study by Christopher et al. [40], although the results were not statistically significant, there
was a slight increase in muscle activation of the lateral vastus and medial vastus muscles
with a raised heel, and the average muscle activation of the gastrocnemius was significantly
higher when raising the heel [40,59], which was similar to our results. This might be the
result of the raised heel causing the movement of the body’s center of mass and the center of
pressure, which forces participants to activate the metatarsal flexor muscle group to control
balance and resist the body’s center of mass forward during the squat [11,40]. In several
previous studies, differences in muscle activation only reached statistically significant levels
when the heel was raised high enough [40,59]. In this study, the mean muscle activation of
the dorsiflexion and plantarflexion muscle groups was significantly altered when the heel
was raised by 1.5 cm, and the mean activation of the vastus lateralis and biceps femoris
short head was increased considerably when raised by 3 cm. These results are essential for
both training and rehabilitation. For athletes who want to improve the strength of the knee
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joint muscles, heel elevation can be used to increase the activation of the knee muscles to
improve training results, and the activation of the ankle flexors and extensors can be an
important reference for developing ankle stability training.

4.4. Limitations

This study still has some limitations. The main results are as follows: (1) The study
of kinematics and kinetics are only considered in the sagittal plane. (2) Although the
participants were all enthusiasts who had undergone strength training for more than one
year, the maximum weight of barbell squats in males was no more than two times their
body weight, and that in women was about one times their body weight. However, it is
impossible to know whether the results of this study apply to higher level lifters.

5. Conclusions

This study showed that although some of the statistical differences were minor, raising
the heel might still affect the joint ROM, joint moments, and muscle activation in the lower
extremity and redistribute the biomechanical loads between the hip, knee, and ankle joints
during barbell squats. These minor changes might affect musculoskeletal adaptations,
essential for training and rehabilitation. However, the degree to which different heel
heights affect people of different genders appears to be different, but in all participants,
raising the heel reduces the dorsiflexion angle and muscle activation of the dorsiflexors,
and increases the proportion of mechanical work performed by the ankle joint. Therefore,
changes in heel height might have a potential effect on the technical movements of the
barbell squat. Furthermore, regardless of the data results, athletes still report positive effects
from elevated heel height, which might be psychological. Nevertheless, the results might
vary between individuals with different training experiences and physical characteristics,
and therefore, carefully choosing the shoes is necessary. In conclusion, for those with
lower back and ankle injuries or mobility limitations, or those who wish to improve knee
engagement during the barbell squat, we still recommend elevating the heel during the
barbell squat to a height of no less than 1.5 cm.

Author Contributions: Conceptualization, Z.L., X.L. and Y.G.; methodology, X.L., R.X., M.L. and I.B.;
software, Z.L., X.L., Y.S. and Y.G.; validation, X.L., R.X. and I.B.; investigation, Y.G., M.L. and I.B.;
writing—original draft preparation, Z.L. and M.L.; writing—review and editing, R.X., I.B. and Y.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was sponsored by the National Natural Science Foundation of China (No.
81772423), Key Project of the National Social Science Foundation of China (19ZDA352), Key R&D Pro-
gram of Zhejiang Province China (2021C03130), and Ningbo Public Welfare Science and Technology
Plan Project (No.2019C50095).

Institutional Review Board Statement: This study was conducted according to the guidelines of the Dec-
laration of Helsinki and approved by the Ethics Committee of Ningbo University (RAGH202101150322.6).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data that support the findings of this study are available on
reasonable request from the corresponding author. The data are not publicly available due to privacy
or ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Comfort, P.; Kasim, P. Optimizing squat technique. Strength Cond. J. 2007, 29, 10. [CrossRef]
2. Corradi, E.F.; Lanza, M.B.; Lacerda, L.T.; Andrushko, J.W.; Martins-Costa, H.C.; Diniz, R.C.; Lima, F.V.; Chagas, M.H. Acute

physiological responses with varying load or time under tension during a squat exercise: A randomized cross-over design. J. Sci.
Med. Sport 2021, 24, 171–176. [CrossRef] [PubMed]

3. Cotter, J.A.; Chaudhari, A.M.; Jamison, S.T.; Devor, S.T. Knee joint kinetics in relation to commonly prescribed squat loads and
depths. J. Strength Cond. Res./Natl. Strength Cond. Assoc. 2013, 27, 1765. [CrossRef] [PubMed]

http://doi.org/10.1519/00126548-200712000-00001
http://doi.org/10.1016/j.jsams.2020.07.015
http://www.ncbi.nlm.nih.gov/pubmed/32792317
http://doi.org/10.1519/JSC.0b013e3182773319
http://www.ncbi.nlm.nih.gov/pubmed/23085977


Bioengineering 2022, 9, 301 14 of 15

4. Shi, Z.; Sun, D. Conflict between Weightlifting and Health? The Importance of Injury Prevention and Technology Assistance.
Phys. Act. Health 2022, 6, 1–4. [CrossRef]

5. Fry, A.C.; Smith, J.C.; Schilling, B.K. Effect of knee position on hip and knee torques during the barbell squat. J. Strength Cond. Res.
2003, 17, 629–633. [PubMed]

6. Lee, S.P.; Gillis, C.B.; Ibarra, J.J.; Oldroyd, D.F.; Zane, R.S. Heel-raised foot posture does not affect trunk and lower extremity
biomechanics during a barbell back squat in recreational weight lifters. J. Strength Cond. Res. 2019, 33, 606–614. [CrossRef]

7. List, R.; Gülay, T.; Stoop, M.; Lorenzetti, S. Kinematics of the trunk and the lower extremities during restricted and unrestricted
squats. J. Strength Cond. Res. 2013, 27, 1529–1538. [CrossRef]

8. Yichen, L.; Qichang, M.; Peng, H.-T.; Jianshe, L.; Chen, W.; Yaodong, G. A comparative study on loadings of the lower extremity
during deep squat in Asian and Caucasian individuals via OpenSim musculoskeletal modelling. BioMed Res. Int. 2020,
2020, 7531719.

9. Lynn, S.K.; Noffal, G.J. Lower extremity biomechanics during a regular and counterbalanced squat. J. Strength Cond. Res. 2012, 26,
2417–2425. [CrossRef]

10. McKean, M.R.; Dunn, P.K.; Burkett, B.J. Quantifying the movement and the influence of load in the back squat exercise. J. Strength
Cond. Res. 2010, 24, 1671–1679. [CrossRef]

11. Pangan, A.M.; Leineweber, M. Footwear and elevated heel influence on barbell back squat: A review. J. Biomech. Eng. 2021,
143, 090801. [CrossRef] [PubMed]

12. Schoenfeld, B.J. Squatting kinematics and kinetics and their application to exercise performance. J. Strength Cond. 2010, 24,
3497–3506. [CrossRef] [PubMed]

13. Swinton, P.A.; Lloyd, R.; Keogh, J.W.; Agouris, I.; Stewart, A.D. A biomechanical comparison of the traditional squat, powerlifting
squat, and box squat. J. Strength Cond. Res. 2012, 26, 1805–1816. [CrossRef] [PubMed]

14. Walsh, J.C.; Quinlan, J.F.; Stapleton, R.; FitzPatrick, D.P.; McCormack, D. Three-dimensional motion analysis of the lumbar spine
during “free squat” weight lift training. Am. J. Sports Med. 2007, 35, 927–932. [CrossRef] [PubMed]

15. Whitting, J.W.; Meir, R.A.; Crowley-McHattan, Z.J.; Holding, R.C. Influence of footwear type on barbell back squat using 50,
70, and 90% of one repetition maximum: A biomechanical analysis. J. Strength Onditioning Res. 2016, 30, 1085–1092. [CrossRef]
[PubMed]

16. Kongsgaard, M.; Aagaard, P.; Roikjaer, S.; Olsen, D.; Jensen, M.; Langberg, H.; Magnusson, S. Decline eccentric squats increases
patellar tendon loading compared to standard eccentric squats. Clin. Biomech. 2006, 21, 748–754. [CrossRef]

17. Monteiro, P.; Marcori, A.J.; Nascimento, V.; Guimarães, A.; Okazaki, V.H.A. Comparing the kinematics of back squats performed
with different heel elevations. Hum. Mov. 2022, 23, 97–103. [CrossRef]

18. Sato, K.; Fortenbaugh, D.; Hydock, D.S. Kinematic changes using weightlifting shoes on barbell back squat. J. Strength Cond. Res.
2012, 26, 28–33. [CrossRef]

19. Schermoly, T.P.; Hough, I.G.; Senchina, D.S. The effects of footwear on force production during barbell back squats. J. Undergrad.
Kinesiol. Res. 2015, 10, 42–51.

20. Southwell, D.J.; Petersen, S.A.; Beach, T.A.; Graham, R.B. The effects of squatting footwear on three-dimensional lower limb and
spine kinetics. J. Electromyogr. Kinesiol. 2016, 31, 111–118. [CrossRef]

21. Zobeck, C.J.; Senchina, D.S. The Effects of Footwear on Force Production during barbell back squats part II: Standardizing squat
depth. Int. J. Res. Exerc. Physiol. 2020, 15, 24–34.

22. Legg, H.S.; Glaister, M.; Cleather, D.J.; Goodwin, J.E. The effect of weightlifting shoes on the kinetics and kinematics of the back
squat. J. Sports Sci. 2017, 35, 508–515. [CrossRef] [PubMed]

23. Sinclair, J.; McCarthy, D.; Bentley, I.; Hurst, H.T.; Atkins, S. The influence of different footwear on 3-D kinematics and muscle
activation during the barbell back squat in males. Eur. J. Sport Sci. 2015, 15, 583–590. [CrossRef]

24. Sato, K.; Fortenbaugh, D.; Hydock, D.S.; Heise, G.D. Comparison of back squat kinematics between barefoot and shoe conditions.
Int. J. Sports Sci. Coach. 2013, 8, 571–578. [CrossRef]

25. Sayers, M.G.; Bachem, C.; Schütz, P.; Taylor, W.R.; List, R.; Lorenzetti, S.; Nasab, S.H. The effect of elevating the heels on spinal
kinematics and kinetics during the back squat in trained and novice weight trainers. J. Sports Sci. 2020, 38, 1000–1008. [CrossRef]

26. Jandacka, D.; Uchytil, J.; Farana, R.; Zahradnik, D.; Hamill, J. Lower extremity power during the squat jump with various barbell
loads. Sports Biomech. 2014, 13, 75–86. [CrossRef] [PubMed]

27. Kaneko, M. Training effect of different loads on thd force-velocity relationship and mechanical power output in human muscle.
Scand. J. Sports Sci. 1983, 5, 50–55.

28. Wilkie, D. The relation between force and velocity in human muscle. J. Physiol. 1949, 110, 249. [CrossRef]
29. Wakeling, J.; Blake, O.; Chan, H. Muscle coordination is key to the power output and mechanical efficiency of limb movements. J.

Exp. Biol. 2010, 213, 487–492. [CrossRef]
30. Teixeira-Salmela, L.F.; Nadeau, S.; Milot, M.-H.; Gravel, D.; Requião, L.F. Effects of cadence on energy generation and absorption

at lower extremity joints during gait. Clin. Biomech. 2008, 23, 769–778. [CrossRef]
31. Sawicki, G.S.; Lewis, C.L.; Ferris, D.P. It pays to have a spring in your step. Exerc. Sport Sci. Rev. 2009, 37, 130. [CrossRef]

[PubMed]
32. Cofré, L.E.; Lythgo, N.; Morgan, D.; Galea, M.P. Aging modifies joint power and work when gait speeds are matched. Gait Posture

2011, 33, 484–489. [CrossRef] [PubMed]

http://doi.org/10.5334/paah.158
http://www.ncbi.nlm.nih.gov/pubmed/14636100
http://doi.org/10.1519/JSC.0000000000001938
http://doi.org/10.1519/JSC.0b013e3182736034
http://doi.org/10.1519/JSC.0b013e31823f8c2d
http://doi.org/10.1519/JSC.0b013e3181d8eb4e
http://doi.org/10.1115/1.4050820
http://www.ncbi.nlm.nih.gov/pubmed/33844006
http://doi.org/10.1519/JSC.0b013e3181bac2d7
http://www.ncbi.nlm.nih.gov/pubmed/20182386
http://doi.org/10.1519/JSC.0b013e3182577067
http://www.ncbi.nlm.nih.gov/pubmed/22505136
http://doi.org/10.1177/0363546506298276
http://www.ncbi.nlm.nih.gov/pubmed/17307893
http://doi.org/10.1519/JSC.0000000000001180
http://www.ncbi.nlm.nih.gov/pubmed/26349043
http://doi.org/10.1016/j.clinbiomech.2006.03.004
http://doi.org/10.5114/hm.2021.106164
http://doi.org/10.1519/JSC.0b013e318218dd64
http://doi.org/10.1016/j.jelekin.2016.10.005
http://doi.org/10.1080/02640414.2016.1175652
http://www.ncbi.nlm.nih.gov/pubmed/27096286
http://doi.org/10.1080/17461391.2014.965752
http://doi.org/10.1260/1747-9541.8.3.571
http://doi.org/10.1080/02640414.2020.1738675
http://doi.org/10.1080/14763141.2013.872287
http://www.ncbi.nlm.nih.gov/pubmed/24968512
http://doi.org/10.1113/jphysiol.1949.sp004437
http://doi.org/10.1242/jeb.036236
http://doi.org/10.1016/j.clinbiomech.2008.02.007
http://doi.org/10.1097/JES.0b013e31819c2df6
http://www.ncbi.nlm.nih.gov/pubmed/19550204
http://doi.org/10.1016/j.gaitpost.2010.12.030
http://www.ncbi.nlm.nih.gov/pubmed/21256026


Bioengineering 2022, 9, 301 15 of 15

33. Chen, I.; Kuo, K.; Andriacchi, T. The influence of walking speed on mechanical joint power during gait. Gait Posture 1997, 6,
171–176. [CrossRef]

34. Silverman, A.K.; Fey, N.P.; Portillo, A.; Walden, J.G.; Bosker, G.; Neptune, R.R. Compensatory mechanisms in below-knee amputee
gait in response to increasing steady-state walking speeds. Gait Posture 2008, 28, 602–609. [CrossRef] [PubMed]

35. Ebrahimi, A.; Goldberg, S.R.; Wilken, J.M.; Stanhope, S.J. Constituent Lower Extremity Work (CLEW) approach: A novel tool to
visualize joint and segment work. Gait Posture 2017, 56, 49–53. [CrossRef] [PubMed]

36. Zelik, K.E.; Honert, E.C. Ankle and foot power in gait analysis: Implications for science, technology and clinical assessment. J.
Biomech. 2018, 75, 1–12. [CrossRef]

37. Zellers, J.A.; Marmon, A.R.; Ebrahimi, A.; Grävare Silbernagel, K. Lower extremity work along with triceps surae structure and
activation is altered with jumping after Achilles tendon repair. J. Orthop. Res. 2019, 37, 933–941. [CrossRef] [PubMed]

38. Sinclair, J.; Taylor, P.; Currigan, G.; Hobbs, S. The test-retest reliability of three different hip joint centre location techniques. Mov.
Sport Sci.-Sci. Mot. 2014, 83, 31–39. [CrossRef]

39. Anbarian, M.; Rajabian, F.; Ghasemi, M.H.; Heidari Moghaddam, R. The effect of the heel wedges on the electromyography
activities of the selected lower back muscles during load lifting. Iran. J. Ergon. 2017, 5, 12–21.

40. Johnston, C.; Hunt-Murray, C.; Hsieh, C. Effect of heel heights on lower extremity muscle activation for back-squat performance.
ISBS Proc. Arch. 2017, 35, 176.

41. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]

42. Stock, M.S.; Beck, T.W.; DeFreitas, J.M.; Dillon, M.A. Test–retest reliability of barbell velocity during the free-weight bench-press
exercise. J. Strength Cond. Res. 2011, 25, 171–177. [CrossRef] [PubMed]

43. Xiang, L.; Mei, Q.; Wang, A.; Shim, V.; Fernandez, J.; Gu, Y. Evaluating function in the hallux valgus foot following a 12-week
minimalist footwear intervention: A pilot computational analysis. J Biomech. 2022, 132, 110941. [CrossRef] [PubMed]

44. He, Y.; Fekete, G. The Effect of Cryotherapy on Balance Recovery at Different Moments after Lower Extremity Muscle Fatigue.
Phys. Act. Health 2021, 5, 255–270. [CrossRef]

45. Pereira, M.I.R.; Gomes, P.S.C. Muscular strength and endurance tests: Reliability and prediction of one repetition maximum-
Review and new evidences. Rev. Bras. Med. Esporte 2003, 9, 325–335. [CrossRef]

46. Catelli, D.S.; Wesseling, M.; Jonkers, I.; Lamontagne, M. A musculoskeletal model customized for squatting task. Comput. Methods
Biomech. Biomed. Eng. 2019, 22, 21–24. [CrossRef]

47. Xin, L.; Adrien, N.; Baker, J.S.; Qichang, M.; Yaodong, G. Novice female exercisers exhibited different biomechanical loading
profiles during full-squat and half-squat practice. Biology 2021, 10, 1184.

48. Decker, M.J.; Torry, M.R.; Wyland, D.J.; Sterett, W.I.; Steadman, J.R. Gender differences in lower extremity kinematics, kinetics
and energy absorption during landing. Clin. Biomech. 2003, 18, 662–669. [CrossRef]

49. Devita, P.; Skelly, W.A. Effect of landing stiffness on joint kinetics and energetics in the lower extremity. Med. Sci. Sports Exerc.
1992, 24, 108–115. [CrossRef]

50. Winter, D.A. Biomechanics and Motor Control of Human Movement; John Wiley & Sons: Hoboken, NJ, USA, 2009.
51. Kulas, A.; Zalewski, P.; Hortobagyi, T.; DeVita, P. Effects of added trunk load and corresponding trunk position adaptations on

lower extremity biomechanics during drop-landings. J. Biomech. 2008, 41, 180–185. [CrossRef]
52. Cohen, J. A power primer. Psychol. Bull. 1992, 112, 155. [CrossRef] [PubMed]
53. Hamner, S.R.; Delp, S.L. Muscle contributions to fore-aft and vertical body mass center accelerations over a range of running

speeds. J. Biomech. 2013, 46, 780–787. [CrossRef] [PubMed]
54. Rajagopal, A.; Dembia, C.L.; DeMers, M.S.; Delp, D.D.; Hicks, J.L.; Delp, S.L. Full-body musculoskeletal model for muscle-driven

simulation of human gait. IEEE Trans. Biomed. Eng. 2016, 63, 2068–2079. [CrossRef] [PubMed]
55. Xu, D.; Quan, W.; Zhou, H.; Sun, D.; Baker, J.S.; Gu, Y. Explaining the differences of gait patterns between high and low-mileage

runners with machine learning. Sci Rep. 2022, 12, 2981. [CrossRef] [PubMed]
56. Dempster, J.; Dutheil, F.; Ugbolue, U.C. The Prevalence of Lower Extremity Injuries in Running and Associated Risk Factors: A

Systematic Review. Phys. Act. Health 2021, 5, 133–145. [CrossRef]
57. Charlton, J.M.; Hammond, C.A.; Cochrane, C.K.; Hatfield, G.L.; Hunt, M.A. The effects of a heel wedge on hip, pelvis and trunk

biomechanics during squatting in resistance trained individuals. The J. Strength Cond. Res. 2017, 31, 1678–1687. [CrossRef]
58. Ibarra, J.; Oldroyd, D.; Zane, R. Heel-Raised Foot Posture and Weightlifting Shoes Do Not Affect Trunk and LowerExtremity

Biomechanics during a Barbell Back Squat. Ph.D. Thesis, University of Nevada, Las Vegas, NV, USA, 2016.
59. Sriwarno, A.B.; Shimomura, Y.; Iwanaga, K.; Katsuura, T. The effects of heel elevation on postural adjustment and activity of

lower-extremity muscles during deep squatting-to-standing movement in normal subjects. J. Phys. Ther. Sci. 2008, 20, 31–38.
[CrossRef]

http://doi.org/10.1016/S0966-6362(97)00009-X
http://doi.org/10.1016/j.gaitpost.2008.04.005
http://www.ncbi.nlm.nih.gov/pubmed/18514526
http://doi.org/10.1016/j.gaitpost.2017.04.024
http://www.ncbi.nlm.nih.gov/pubmed/28494322
http://doi.org/10.1016/j.jbiomech.2018.04.017
http://doi.org/10.1002/jor.24260
http://www.ncbi.nlm.nih.gov/pubmed/30816587
http://doi.org/10.3917/sm.083.0031
http://doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
http://doi.org/10.1519/JSC.0b013e318201bdf9
http://www.ncbi.nlm.nih.gov/pubmed/21157383
http://doi.org/10.1016/j.jbiomech.2022.110941
http://www.ncbi.nlm.nih.gov/pubmed/35063832
http://doi.org/10.5334/paah.154
http://doi.org/10.1590/S1517-86922003000500007
http://doi.org/10.1080/10255842.2018.1523396
http://doi.org/10.1016/S0268-0033(03)00090-1
http://doi.org/10.1249/00005768-199201000-00018
http://doi.org/10.1016/j.jbiomech.2007.06.027
http://doi.org/10.1037/0033-2909.112.1.155
http://www.ncbi.nlm.nih.gov/pubmed/19565683
http://doi.org/10.1016/j.jbiomech.2012.11.024
http://www.ncbi.nlm.nih.gov/pubmed/23246045
http://doi.org/10.1109/TBME.2016.2586891
http://www.ncbi.nlm.nih.gov/pubmed/27392337
http://doi.org/10.1038/s41598-022-07054-1
http://www.ncbi.nlm.nih.gov/pubmed/35194121
http://doi.org/10.5334/paah.109
http://doi.org/10.1519/JSC.0000000000001655
http://doi.org/10.1589/jpts.20.31

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Design 
	Musculoskeletal Model and Model Validation 
	Data Processing 
	Statistical Analysis 

	Results 
	Model Validation 
	Joint Angle, Joint Moment, and Joint Power 
	Joint Work 
	Muscle Activation 

	Discussion 
	Joint Angle, Joint Moment, and Power 
	Joint Work 
	Muscle Activation 
	Limitations 

	Conclusions 
	References

