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Abstract

Background: Deep squats improves core stability and lower-limb strength. However,
dynamic lumbar kyphosis during this movement may increase spinal injury risk. We
quantified the dynamic lumbar kyphosis angle during deep squats and examined its
association with lower-limb joint angles and muscle activation in the rectus abdominis,
external oblique, erector spinae, latissimus dorsi, rectus femoris, gluteus maximus
and biceps femoris. Our main aim was to identify strategies for mitigating lumbar
kyphosis. Methods: Thirty adult men proficient in resistance training participated in
the study. Reflective markers were affixed to joints, and surface electromyography
(sEMG) electrodes were placed on muscles involved in lumbar flexion and extension.
Participants performed deep squats at 70% of their one-repetition maximum, with motion
data captured using eight infrared cameras (sampling rate: 250 Hz). Muscle activity
was recorded via a wireless SEMG system (sampling rate: 2000 Hz). Peak joint angles
and maximum lumbar flexion were analyzed using correlation and stepwise multiple
linear regression to identify factors contributing to dynamic lumbar kyphosis (a = 0.05).
Results: Significant positive correlations were observed between maximum hip flexion
angle (r=0.590, p =0.001), erector spinae activity (» = 0.403, p = 0.027), and maximum
lumbar flexion angle. Multiple regression analysis identified a model including hip
flexion and erector spinae activity ( = 0.682, adj. R? = 0.426, p < 0.001), with a hip
joint peak flexion angle (HJ PFA) (r = 3.910, 8 = 0.553, p = 0.001) as the strongest
predictor of lumbar flexion angle, followed by erector spinae muscle activity (ES MA) (¢
=2.436, 5 =0.345, p=0.022). Conclusions: Enhancing hip mobility and erector spinae
strengthening prevent dynamic lumbar kyphosis during deep squats. Training programs
should incorporate hip mobility exercises, stretching and range of motion routines with
resistance exercises targeting the erector spinae.
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1. Introduction

The squat is a fundamental human movement frequently per-
formed in daily life, such as during sit-to-stand transitions, and
is widely utilized in sports and strength training to enhance core
stability and lower-limb function [1-3]. It is a closed kinetic
chain, multi-joint exercise executed with both feet in contact
with the ground, necessitating coordinated flexion and exten-
sion of the lower-limb joints [4]. The movement’s demands
on joint stability, mobility, and muscular strength renders it
an essential component of performance enhancement, injury
prevention and rehabilitation programs.

Squats are typically categorized as partial, half or deep,
based on squat depth. Specifically, the deep squat involves
a full range of motion of the lower-limb joints to maximize
muscle activation and promote strength and hypertrophy in the

major muscles of the lower extremities [4—7]. Safe execution
requires adequate ankle and hip mobility as well as sufficient
core and lower-limb strength to support the load. Deficiencies
in these areas can lead to compensatory movement patterns,
increasing the risk of musculoskeletal injury, particularly in
the lumbar spine and lower extremities [8—10]. To minimize
this risk, it is recommended to maintain stability through the
feet and knees, ensure sufficient mobility in the ankles and
hips, and preserve a neutral or slightly lordotic lumbar spine
throughout the movement [8].

The lumbar spine serves a central function during deep
squats by linking the trunk and lower limbs, transmitting forces
efficiently to the primary movers, and distributing loads across
the kinetic chain [ 1 1—13]. Preserving neutral lumbar alignment
and proper movement patterns is essential to minimize me-
chanical stress and reduce the risk of injuries such as disc her-
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niation or low back pain [ 14]. In general, the recommendation
is to maintain neutral lumbar alignment and minimize kyphotic
movement during deep squats. Despite these recommenda-
tions, many individuals exhibit excessive lumbar flexion at the
bottom of a deep squat, a phenomenon referred to as dynamic
lumbar kyphosis.

Dynamic lumbar kyphosis refers to the involuntary rounding
of the lumbar spine from a neutral position at the bottom of
a deep squat [15, 16]. This movement, commonly known as
the “butt wink” due to its visual appearance, results from a
loss of lumbar control during the squat and has been shown
to increase both shear and compressive forces on the spine,
potentially raising the risk of injury [11, 15, 17, 18]. Although
dynamic lumbar kyphosis is considered a movement to be
avoided during deep squats, scientific evidence identifying
its precise causes to establish effective corrective strategies
remains lacking.

To prevent dynamic lumbar kyphosis during deep squats, it
is essential to identify its biomechanical causes and establish
intervention strategies based on scientific analysis. Proper
coordination and control between the agonists and antagonists
responsible for lumbar flexion and extension play a pivotal
role [12, 19-21]. Therefore, assessing muscle activation in
these groups is necessary for understanding its underlying
mechanisms. Moreover, because the deep squat is a closed
kinetic chain, multi-joint movement, inadequate mobility in
the lower extremity joints can induce compensatory movement
patterns, which may contribute to dynamic lumbar kyphosis
[5,22,23].

In this study, we aimed to identify the biomechanical causes
of dynamic lumbar kyphosis that occur during deep squats.
Lumbar flexion angles, joint range of motion (ROM) in the
lower extremities, and activities of major muscle groups were
measured using three-dimensional motion capture and sur-
face electromyography. The significant predictors of dynamic
lumbar kyphosis were then identified using stepwise multiple
regression analysis. Ultimately, we aimed to provide evidence-
based insight for preventing and correcting this movement
pattern during deep squats.

2. Materials and methods

2.1 Participants

The sample size for a power analysis was determined using the
G*Power 3.1 software (University of Diisseldorf, Diisseldorf,
NRW, Germany) (effect size f2: 0.35, alpha level: 0.05, and
power: 0.8); the minimum sample size was calculated to be
28 cases [24, 25]. Thus, 30 adult male participants were
recruited (Table 1). The inclusion criteria were: no history
of musculoskeletal injuries or postural imbalances involving

the lower limbs or lumbar spine within the past year, and the
right leg as the dominant leg, proficiency in resistance training,
as evidenced by engaging in moderate-to-high intensity resis-
tance training at least three times per week for over one year,
a one-repetition maximum (1RM) for a deep squat of >100
kg, and visibly demonstrable dynamic lumbar kyphosis during
deep squat performance. The participants were recruited over
a three-week period from 01 June to 21 June 2022. The study
intervention and data collection were subsequently conducted
between 27 June and 30 September 2022. All study procedures
were approved by the Institutional Review Board of Konkuk
University (IRB No. 7001355-202204-HR-543).

2.2 Procedures

This study investigated the presence and contributing factors
of dynamic lumbar kyphosis during deep squats. To minimize
the risk of participant bias or intentional movement modifica-
tion, the detailed objectives and focus of the study were not
disclosed to participants. A general overview of the procedures
and safety considerations was provided prior to testing.

One-week preceding data collection, each participant un-
derwent a 1RM test for the deep squat, conducted according
to the guidelines established by the National Strength and
Conditioning Association [26]. The results of the 1RM test
were used to determine the appropriate load intensity for the
deep squat trials in the main experiment.

On the testing day, participants completed approximately
10 min of a brief warm-up routine to minimize musculoskele-
tal injury risk before beginning the experimental protocol.
Before placement of the surface electromyography (SEMG)
electrodes, the designated skin areas were shaved and cleansed
with alcohol swabs. Seven channels of SEMG electrodes were
applied to major muscle groups involved in lumbar flexion and
extension. To normalize raw SEMG signals obtained during the
deep squat trials, the maximal voluntary isometric contraction
(MVIC) of each muscle was recorded for approximately 5
s. Following MVIC measurement, participants were provided
at least 30 min of rest to mitigate fatigue before proceeding
with the motion capture phase. Using the Plug-in Gait model
provided by Vicon Motion Systems Ltd., Oxford, UK [27], 51
spherical reflective markers (diameter: 15 mm) were attached
to anatomical landmarks across the participants’ limbs and
torso. A global coordinate system was established within the
lab space using Vicon’s Active Wand for calibration, with the
anterior-posterior axis defined as the Y-axis, the mediolateral
axis as the X-axis, and the vertical axis as the Z-axis. Motion
data were captured using eight infrared cameras (MX-T10S,
Vicon Inc., Oxford, UK) at a sampling rate of 250 Hz. Fol-
lowing the recording of a static trial in the anatomical position,
dynamic trials were conducted wherein participants executed

TABLE 1. Physical characteristics of study participants.

Participants
Variables (unit) (n=30)
Age (yr) Height (cm) Weight (kg) SQ IRM weight (kg)
Mean + SD 234435 1753 £4.3 75.8 £ 6.5 115.3 £ 19.5

Abbreviations: SQ: squat;, 1RM: 1 repetition maximum, SD: Standard deviation.



three repetitions of deep squats under loaded conditions.

2.3 Deep squat exercise

Participants performed the barbell back squat. To initiate the
movement, the feet were positioned at approximately 100%—
120% of pelvic width with 15°-30° of external rotation, ad-
hering to the standard deep squat technique. The barbell
was positioned across the upper back, centered between the
spinous process of the seventh cervical vertebra (C7) and the
scapula. Load intensity was set at 70% of each participant’s
1RM, consistent with hypertrophy-focused resistance training
guidelines [26].

To ensure proper depth, participants flexed their knees until
the posterior thighs contacted the calves, with knee flexion
exceeding 120° [28]. Each participant completed three rep-
etitions of the deep squat. Prior to testing, all participants
practiced the movement to ensure consistent execution. During
data collection, movement cadence was standardized using a
metronome set at 120 bpm, with approximately 2 seconds for
the descent phase and 1.5 seconds for the ascent phase.

2.4 Wireless sEMG system

Muscle activities during lumbar flexion and extension were
measured using a seven-channel wireless SEMG system
(Trigno Sensor System, Delsys Inc., Natick, MA, USA), using
silver/silver chloride (Ag/AgCl) electrodes (37 mm X 26 mm
x 15 mm; interelectrode distance: 10 mm) at a sampling
rate of 2000 Hz. Given the complexity of lumbar motion,
which involves multiple muscle groups including deep spinal
stabilizers not easily accessible via surface EMG, this study
focused on major superficial muscles involved in lumbar
flexion and extension that are suitable for surface recording.

Based on surface EMG for non-invasive assessment of mus-
cle guidelines and previous literature, electrodes were attached
to the following muscles: rectus abdominis (RA), external
oblique (EO), erector spinae (ES), latissimus dorsi (LAT), rec-
tus femoris (RF), gluteus maximus (GM), and biceps femoris
long head (BFL) [12, 29-34]. All participants exhibited no
left-right asymmetry and identified the right leg as dominant;
therefore, surface electrodes were placed on the right side for
consistency.

2.5 Biomechanical lumbar model based on
reflective markers

Lumbar kinematic data during deep squats were calculated
using a biomechanical spine model known as the S-Model
(University of Miami S Model, Vicon). The S-Model is an
extension of Vicon’s Plug-in-Gait model, specifically designed
to estimate spinal segment positions using reflective marker
data. This model facilitates the calculation of lumbar joint
kinematics by incorporating the mass and inertial properties
of each segment [35]. The validity of the S-Model has been
demonstrated previously, with Eltoukhy ef al. [36] confirming
its accuracy through comparisons with direct measurements of
lumbar segment positions and ROM. In the present study, the
S-Model was applied to both static and dynamic trials for each
participant to estimate seven virtual markers corresponding
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to the L4 and L5 vertebral segments. The coordinate data
for the virtual markers of L4 and L5 were exported as C3D
files and imported into Visual3D software (v6, C-Motion,
Inc., Germantown, MD, USA). Local coordinate systems were
established for each of the L4 and L5 segments (Fig. 1), and
the relative angles between the two segments were calculated
to quantify lumbar joint motion.

2.6 Data processing

Kinematic and electromyographic data collected during the
deep squat trials were synchronized using Giganet (Data acqui-
sition device, Vicon Motion Systems Ltd., Oxford, UK), which
linked eight infrared motion capture cameras with a wireless
sEMG system. Subsequently, raw data were obtained and C3D
files were generated using Nexus software (version 2.14; Vicon
Motion Systems Ltd., Oxford, UK).

Static and dynamic trial C3D files for each participant were
imported into Visual3D software (C-Motion, Inc., German-
town, MD, USA) for analysis. To eliminate noise artifacts from
the motion capture data, a second-order low-pass Butterworth
filter with a cutoff frequency of 6 Hz was applied to the
reflective marker trajectories. SEMG signals were filtered
using a band-pass filter set between 50 and 450 Hz, followed
by full-wave rectification. The filtered SEMG data were then
smoothed using a 100 ms moving average and root mean
square calculations. All muscle activation data were normal-
ized to each participant’s MVIC values.

To analyze the biomechanical contributors to dynamic lum-
bar kyphosis during deep squats, five key events and four
analytical phases were defined. The ready event marked the
starting posture; start of lumbar kyphosis indicated the onset of
lumbar flexion during the descending phase; maximal lumbar
kyphosis represented the point of maximal lumbar flexion; end
of lumbar kyphosis marked the point at which lumbar exten-
sion resumed during the ascending phase; and the finish event
indicated the end of the squat movement. Joint angle variables
for the lower extremities were analyzed during the descending
phase, while muscle activities were analyzed during the lumbar
flexion phase (Fig. 2).

During deep squats, joint angles of the lower extremities
and lumbar spine were calculated using a local coordinate
system defined with the mediolateral axis as the X-axis, the
anteroposterior axis as the Y-axis, and the vertical axis as
the Z-axis. The peak relative angles of the ankle, knee and
hip joints in each direction as well as the maximum flexion
angle between L4 and L5 were computed using the Cardan
orientation method. The joint angles for the lower extremity
and lumbar spine in each direction were defined based on their
respective local coordinate systems (Table 2).

All joint angles were calculated during the descending
phase, and muscle activities were extracted during the lumbar
flexion phase, which corresponded to the period of lumbar
flexion within the deep squat.

2.7 Statistical analysis

The determinants of dynamic lumbar kyphosis during deep
squats were investigated using Pearson’s correlation analysis
to examine the relationships between maximum joint angles of
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4th Lumbar

S5th Lumbar

!

Reflective marker Definition of image markers Setting the local reference
placement based on the for 4th and 5th lumbar segments frames for lumbar segments
Vicon’s plug-in-gait model using the S-model in Visual 3D

FIGURE 1. Visualization of lumbar marker estimation via S-Model.

Descending Phase | Ascending Phase

| Lumbar Flexion Phase | Lumbar Extension Phase

Ready Start of Lumbar Maximum Lumbar End of Lumbar
Kyphosis Kyphosis Kyphosis

FIGURE 2. Events and phases for deep squat motion analysis. RD and FIN events are lordotic status of the 4th and 5th
lumbar vertebrae. SLK and ELK events are parallel to the 4th and 5th lumbar vertebrae, and the MLK event is maximal kyphotic
status of the 4th and 5th lumbar vertebrae.

TABLE 2. Definition of local reference in each direction of the lower extremity and lumbar joints.

Joints Local reference frame
ML axis AP axis VT axis

Ankle

+ Dorsi flexion Inversion IR

- Plantar flexion Eversion ER
Knee

+ Extension Adduction

- Flexion Abduction
Hip

+ Flexion

- Extension
Lumbar

+ Extension

- Flexion

Abbreviations: ML: medial-lateral; AP: anterior-posterior; VT: vertical; IR: internal rotation; ER: external rotation.



the lower extremities, muscle activities and maximum lumbar
flexion angle. Subsequently, stepwise multiple linear regres-
sion analysis was conducted to determine the most signifi-
cant predictors of lumbar flexion. Statistical analyses were
performed using IBM SPSS 27.0 (IBM Corp., Armonk, NY,
USA), with significance set at o = 0.05.

3. Results

3.1 Peak joint angles of the lower limbs and
lumbar spine by direction and muscle
activity by muscle group

To identify the biomechanical contributors to dynamic lumbar
kyphosis during deep squats, peak joint angles of the ankle,
knee and hip were calculated during the descending phase of
the squat, along with the maximum flexion angle of the lumbar
spine (Table 3). In addition, activities of key lumbar flexor
and extensor muscles were measured during the lumbar flexion
phase (Table 4).

3.2 Correlation between peak joint angles
and muscle activity of the lower limbs and
maximum lumbar flexion angle during deep
squats

Pearson’s correlation analysis was conducted to examine the
relationships between joint angles of the lower extremities and
the peak lumbar flexion angle during deep squats (Table 5).
No statistically significant correlations were observed between
the maximum angles of the ankle or knee joints and the lumbar
flexion angle (p > 0.05). However, the peak hip flexion angle
was significantly positively correlated with the peak lumbar
flexion angle (» = 0.590, p = 0.001).

The correlation between muscle activity and peak lumbar
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flexion angle during deep squats was analyzed (Table 6). The
lumbar flexors—RA, EO, BFL and GM—did not show a
statistically significant correlation with peak lumbar flexion
angle (p > 0.05). Among the extensors, LAT and RF also
showed no significant correlation (»p > 0.05), but ES had
a significantly positive correlation with peak lumbar flexion
angle (r=0.403, p = 0.027).

3.3 Effects of lower-limb joint angles and
muscle activity on peak lumbar flexion
during deep squats

The effects of peak joint angles and muscle activity of the lower
limbs on peak lumbar flexion during deep squats were analyzed
using a stepwise multiple regression analysis (Table 7). The
final model identified hip joint peak flexion angle (HJ PFA)
and erector spinae muscle activity (ES_MA) as significant
predictors, and the results were significant (r = 0.682, adj. R? =
0.426, p < 0.001). Specifically, HI PFA (¢=3.910, 3 =0.553,
p=0.001) and ES MA (¢ =2.436, 8 =0.345, p = 0.022) were
both found to significantly affect peak lumbar flexion. Their
relationship is illustrated in Fig. 3.

4. Discussion

Dynamic lumbar kyphosis during deep squats has been iden-
tified as a contributing factor to lumbar spine injuries [15,
18, 37]. Consequently, it is imperative to establish effective
strategies to prevent and address this phenomenon to ensure
the safe and effective execution of deep squats. In this context,
it is essential to first identify the underlying causes of dynamic
lumbar kyphosis and explore evidence-based approaches for
its correction. In the present study, we aimed to identify the
biomechanical factors associated with dynamic lumbar kypho-

TABLE 3. Peak joint angle of the lower extremities and lumbar joints in each direction during the descending phase of
the deep squat.

Joints Direction Mean + SD of joint peak angle
+—
Ankle (degree)
Dorsi flexion/Plantar flexion 30.31 +4.39
Inversion/Eversion —9.08 + 7.03
Internal rotation/External rotation —7.25 £ 4.58
Knee (degree)
Extension/Flexion —129.12 £ 7.53
Adduction/Abduction 1.76 + 4.04
Internal rotation/External rotation 9.64 £+ 6.39
Hip (degree)
Flexion/Extension 110.95 + 7.99
Adduction/Abduction —29.14 £ 5.69
Internal rotation/External rotation 2.25 +10.69
Lumbear (degree)
Extension/Flexion —10.65 £ 4.13

SD: Standard deviation.
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TABLE 4. Surface electromyography data of lumbar flexor/extensor muscles during the lumbar flexion phase of the
deep squat.

Muscles Mean =+ SD of muscle activity
Flexor (%MVIC)

Rectus abdominis (RA) 7.37 £ 7.24

External oblique (EO) 15.57 £ 12.95

Biceps femoris long head (BFL) 9.75 £5.74

Gluteus maximus (GM) 10.51 £ 7.83
Extensor (%MVIC)

Erector spinae (ES) 31.64 +11.73

Latissimus dorsi (LAT) 10.52 £+ 12.45

Rectus femoris (RF) 82.73 £43.16

MVIC: maximal voluntary isometric contraction; SD: Standard deviation.

TABLE 5. Correlation between lower extremity joint peak angles and lumbar flexion peak angles during the
descending phase of the deep squat.

Variables Lumbar peak flexion angle
r p-value
Ankle
Dorsi flexion —0.021 0.912
Eversion 0.126 0.508
External rotation —0.130 0.494
Knee
Flexion 0.005 0.981
Adduction 0.137 0.471
Internal rotation —0.045 0.815
Hip
Flexion 0.590** 0.001
Abduction 0.003 0.987
Internal rotation —-0.015 0.936

Statistically significant correlations are indicated by **p < 0.01.

TABLE 6. Correlation between surface electromyography data of lumbar flexor/extensor muscle group and lumbar
peak flexion angle during the lumbar flexion phase of the deep squat.

Variables Lumbar peak flexion angle
r p-value
Flexor
Rectus abdominis (RA) —0.227 0.228
External oblique (EO) 0.062 0.743
Biceps femoris long head (BFL) —-0.215 0.254
Gluteus maximus (GM) 0.193 0.307
Extensor
Erector spinae (ES) 0.403* 0.027
Latissimus dorsi (LAT) 0.043 0.823
Rectus femoris (RF) —0.153 0.419

Statistically significant correlation are indicated by *p < 0.05.
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TABLE 7. Multiple linear regression analysis of the peak flexion angle of lumbar during the deep squat.

Unstandardized Collinearity
v coefficients Standardized t p statistics
coefficients beta
B Std. error Tolerance VIF
Constant ~ —46.223 8.123 -5.690 0.001
HJ PFA 0.286 0.073 0.553 3.910%* 0.001 0.989 1.011
ES MA 0.121 0.050 0.345 2.436*%  0.022 0.989 1.011

R=0.682, R? (adj. R?) =0.465 (0.426)
F=11.745,p < 0.001
Durbin-Watson = 2.158

Abbreviations: IV: independent variable; VIF: variance inflation factor;, HJ _PFA: hip joint peak flexion
angle; ES MA: erector spinae muscle activity; Std. error: Standard error. *p < 0.05, **p < 0.01.
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FIGURE 3. Multiple linear regression analysis illustrating the relationships between maximal lumbar flexion angle,
maximal lower extremity joint angles and muscle activity during the lumbar flexion phase of a deep squat. MVIC: maximal
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sis during deep squats by examining lower-limb joint angles
and the activities of muscles involved in lumbar flexion and
extension. To this end, three-dimensional motion analysis and
SEMG were conducted in 30 resistance-trained adult men. The
goal was to identify factors contributing to dynamic lumbar
kyphosis by analyzing the peak joint angles of the ankle, knee,
and hip, as well as the activities of muscles associated with

lumbar flexion and extension, and evaluating their effects on
the peak lumbar flexion angle.

Deep squats are typically defined as the movement in which
the posterior thighs make contact with the calves, with knee
flexion exceeding 120° [2, 38]. All participants in this study
met this criterion, with an average maximum knee flexion
angle of —129.2° during squats (Table 3). The peak lumbar
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flexion angle observed during squats was —10.65°, confirming
the presence of dynamic lumbar kyphosis in all participants
(Table 3). The deep squat is a closed-chain, multi-joint move-
ment that involves a greater ROM in the lower extremities
compared to other squat variations. Proper execution requires
multiple physical capacities, with lower-limb joint mobility
and muscle function playing key roles in maintaining control
and alignment throughout the movement. Limited joint ROM
(mobility) may lead to compensatory movement patterns, neg-
atively affecting joint alignment and postural stability [6, 8, 23,
39]. In addition, lumbar flexion and extension during a deep
squat are governed by the coupling forces between agonist and
antagonist muscles [12]. Based on this, we anticipated that
the degree of dynamic lumbar kyphosis is likely influenced by
the activities of muscles involved in lumbar control. Thus, we
hypothesized that lower-limb mobility and the activity of key
muscles responsible for lumbar motion would be associated
with dynamic lumbar kyphosis.

We analyzed the correlations between peak joint angles and
muscle activity with peak lumbar flexion angles, followed
by stepwise regression to determine their predictive value.
The results revealed significant positive correlations between
the peak hip flexion angle, erector spinae activity and peak
lumbar flexion angle during deep squats. Specifically, greater
hip flexion and higher erector spinae activity were associated
with reduced lumbar flexion, suggesting that lumbar flexion
decreases with increasing erector spinae activity. Stepwise
multiple regression analysis further identified both peak hip
flexion angle and erector spinae activity as significant predic-
tors of peak lumbar flexion angle, with hip mobility exerting a
stronger influence than erector spinae activity. These findings
suggest that limited hip mobility and decreased erector spinae
activity may contribute to dynamic lumbar kyphosis (Table 7).
Consequently, targeted interventions addressing these factors
may be effective in its prevention and correction.

During the descent phase of the deep squat, hip flexion is
crucial for facilitating proper movement mechanics [6, 37].
Limited hip flexion mobility not only restricts proper squat
depth but also leads to decreased lumbar extensor strength and
increased lumbar flexion, often resulting in excessive forward
trunk lean [8, 40]. The present study also confirmed that
greater hip mobility was associated with reduced dynamic
lumbar kyphosis. These results underscore the importance of
adequate hip flexion ROM in controlling lumbar alignment
during deep squats. The erector spinae also play a key role
in regulating lumbar extension and protecting the spine from
excessive flexion [37, 41]. Previous studies have reported a
tendency for erector spinae activation to decrease when the
lumbar spine enters a flexed posture [42, 43], which may com-
promise the maintenance of a neutral alignment. Functionally,
the erector spinae generate lumbar extensor torque and resists
excessive forward bending [12, 44, 45]. The findings of this
study also suggest that lower erector spinae activity during
deep squats is associated with reduced control of lumbar flex-
ion, thereby contributing to greater dynamic lumbar kyphosis.
Therefore, erector spinae activity appears to be a key factor
in both preventing and correcting dynamic lumbar kyphosis
during deep squats.

In summary, this study identified limited hip flexion mobil-

ity and reduced erector spinae activation as key contributors
to dynamic lumbar kyphosis during deep squats. To mitigate
this compensatory movement, training programs should incor-
porate exercises that improve hip flexion ROM and strengthen
the erector spinae. Such targeted interventions may help pre-
vent and effectively reduce dynamic lumbar kyphosis during
deep squat performance. However, as all participants in this
study were male, the generalizability of the findings to female
populations is limited. Therefore, future research should inves-
tigate dynamic lumbar kyphosis during deep squats in female
participants. Additionally, based on the present findings, it is
necessary to develop training interventions aimed at improving
dynamic lumbar kyphosis during deep squats and to evaluate
their effectiveness through empirical studies.

5. Conclusions

In this study, we aimed to identify the biomechanical factors
contributing to dynamic lumbar kyphosis during deep squats
and determine key variables for its prevention. The results
revealed that hip peak flexion angle and erector spinae activity
significantly predicted the degree of lumbar flexion, with hip
mobility playing a particularly important role in mitigating
dynamic lumbar kyphosis. Higher erector spinae activity was
also associated with reduced lumbar flexion, suggesting that
increased engagement of this muscle group, which serves as
one of the core muscles responsible for stabilizing and con-
trolling body movement, may help minimize excessive spinal
curvature during the movement through the coordinated acti-
vation of the core muscle group. Accordingly, improving hip
mobility and enhancing erector spinae function are essential
for preventing dynamic lumbar kyphosis during deep squats.
Training programs should incorporate mobility and stretching
exercises targeting the hip joint, along with resistance exercises
aimed at strengthening the erector spinae.

AVAILABILITY OF DATA AND MATERIALS

The data presented in the results of this paper will be made
available by the authors upon request.

AUTHOR CONTRIBUTIONS

JL and MK—conceptualization; methodology; formal analy-
sis, investigation, writing-review and editing, supervision; data
curation. JL, YL and MK—original draft writing; review and
editing. All authors participated in the review and agreed to
publish the manuscript.

ETHICS APPROVAL AND CONSENT TO
PARTICIPATE

This study was approved by the Institutional Review Board of
Konkuk University (IRB No. 7001355-202204-HR-543) and
adhered to the Declaration of Helsinki. The participants in the
experiment were adequately informed about the purpose, risks
and procedures of the study and signed a consent form.



ACKNOWLEDGMENT

Not applicable.

FUNDING

This paper was supported by Konkuk University in 2025.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

REFERENCES

13

[4

[6]

[7

8

191

[10]

=

[13]

[14]

[16]

[17]

Straub RK, Powers CM. A biomechanical review of the squat exercise:
implications for clinical practice. International Journal of Sports Physical
Therapy. 2024; 19: 490-501.

Escamilla RF. Knee biomechanics of the dynamic squat exercise.
Medicine & Science in Sports & Exercise. 2001; 33: 127-141.

Soyuer F, Koku M. Core muscle activity in exercise. International Journal
of Family & Community Medicine. 2024; 8: 73-75.

Stastny P, Kolinger D, Pisz A, Wilk M, Petruzela J, Krzysztofik M.
Effects of eccentric speed during front squat conditioning activity on post-
activation performance enhancement of hip and thigh muscles. Journal of
Human Kinetics. 2024; 91: 5-18.

Butler RJ, Plisky PJ, Southers C, Scoma C, Kiesel KB. Biomechanical
analysis of the different classifications of the functional movement screen
deep squat test. Sports Biomechanics. 2010; 9: 270-279.

Chan CK, Azah HN, Yeow CH, Goh SK, Ting HN, Salmah K. Effects of
squatting speed and depth on lower extremity kinematics, kinetics and
energetics. Journal of Mechanics in Medicine and Biology. 2022; 22:
2250032.

Zawadka M, Smolka J, Skublewska-Paszkowska M, Lukasik E, Gawda P.
How are squat timing and kinematics in the sagittal plane related to squat
depth? Journal of Sports Science and Medicine. 2020; 19: 500-507.
Papadakis Z, Stamatis A, Almajid R, Appiah-Kubi K, Smith ML, Parnes
N, et al. Addressing biomechanical errors in the back squat for older
adults: a clinical perspective for maintaining neutral spine and knee
alignment. Journal of Functional Morphology and Kinesiology. 2024; 9:
224.

Schoenfeld BJ. Squatting kinematics and kinetics and their application
to exercise performance. Journal of Strength and Conditioning Research.
2010; 24: 3497-3506.

Enoki S, Shiba J, Hakozaki T, Suzuki Y, Kuzuhara K. Correlations
between one-repetition maximum weights of different back squat depths.
Isokinetics and Exercise Science. 2023; 31: 97-102.

Patterson C S, Asavasopon S, Gharibvand L, Powers CM. Influence of
hip and lumbar extensor strength on lumbar moments during a squat
lift: an evaluation of persons with and without low back pain. Clinical
Biomechanics. 2025; 122: 106444.

Ribeiro AS, Santos ED, Nunes JP, Nascimento MA, Graga A, Bezerra ES,
et al. A brief review on the effects of the squat exercise on lower-limb
muscle hypertrophy. Strength & Conditioning Journal. 2023; 45: 58—66.
Wang X, Liu W, Zhao Y, Ma P. The impact of disc degeneration on the
dynamic characteristics of the lumbar spine: a finite element analysis.
Frontiers in Bioengineering and Biotechnology. 2024; 12: 1384187.
Stone MH, Hornsby WG, Mizuguchi S, Sato K, Gahreman D, Duca
M, et al. The use of free weight squats in sports: a narrative review—
terminology and biomechanics. Applied Sciences. 2024; 14: 1977.

Lee JW, Lim YT, Kwon MS. The effect of dynamic lumbar kyphosis on
the biomechanical factors of the lumbar joints during deep squats. Korean
Journal of Sport Science. 2024; 35: 296-305.

McKean MR, Dunn PK, Burkett BJ. The lumbar and sacrum movement
pattern during the back squat exercise. Journal of Strength and
Conditioning Research. 2010; 24: 2731-2741.

Schifer R, Trompeter K, Fett D, Heinrich K, Funken J, Willwacher S, et
al. The mechanical loading of the spine in physical activities. European

Spine Journal. 2023; 32: 2991-3001.

(18]

(191

[20]

s

[23]

[24

)
0

[26]

127]

28

[29]

[30]

[31]

132]

133]

[34]

135]

136

137]

105

Yanagisawa O, Oshikawa T, Adachi G, Matsunaga N, Kaneoka K. Acute
effects of varying squat depths on lumbar intervertebral disks during
high-load barbell back squat exercise. Scandinavian Journal of Medicine
& Science in Sports. 2021; 31: 350-357.

Maduri A, Pearson BL, Wilson SE. Lumbar-pelvic range and coordination
during lifting tasks. Journal of Electromyography and Kinesiology. 2008;
18: 807-814.

Tafazzol A, Arjmand N, Shirazi-Adl A, Parnianpour M. Lumbopelvic
rhythm during forward and backward sagittal trunk rotations: combined
in vivo measurement with inertial tracking device and biomechanical
modeling. Clinical Biomechanics. 2014; 29: 7-13.

Bengtsson V, Berglund L, Ohberg F, Aasa U. Thoracolumbar and
lumbopelvic spinal alignment during the barbell back squat: a comparison
between men and women. International Journal of Sports Physical
Therapy. 2023; 18: 820-830.

Zawadka M, Smolka J, Skublewska-Paszkowska M, Lukasik E, Jablonski
M, Gawda P. The influence of sedentary behaviour on lumbar-pelvic
kinematics during squatting and forward bending among physically active
students. Ergonomics. 2023; 66: 101-112.

Berglund L, Ohberg F, Strombick E, Papacosta D. Are anthropometric
measures, range of motion, or movement control tests associated with
lumbopelvic flexion during barbell back squats? International Journal of
Sports Physical Therapy. 2024; 19: 1097.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: a flexible
statistical power analysis program for the social, behavioral, and
biomedical sciences. Behavior Research Methods. 2007; 39: 175-191.
Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses
using G* Power 3.1: tests for correlation and regression analyses.
Behavior Research Methods. 2009; 41: 1149-1160.

Haff GG, Triplett NT. Essentials of strength training and conditioning. 4th
edn. Human Kinetics: Champaign, USA. 2015.

Vicon Motion Systems. Plug-in gait reference guide. 2022. Available at:
https://help.vicon.com/download/attachments/11378719/
Plug-inJ,20Gait,20Reference,20Guide.pdf (Accessed: 03 June
2022).

Escamilla RF, Fleisig GS, Lowry TM, Barrentine SW, Andrews JR. A
three-dimensional biomechanical analysis of the squat during varying
stance widths. Medicine and Science in Sports and Exercise. 2001; 33:
984-998.

Price D, Ginn KA, Halaki M, Reed D. What is the contribution of
latissimus dorsi to trunk movement and control? A systematic review
and meta-analysis. Physical Therapy Reviews. 2024; 29: 47-63.

Chen YL, Lin WC. Enhancing understanding: back muscle strength and
individual flexibility impact on the flexion-relaxation phenomenon in the
lumbar erector spinae. Journal of Electromyography and Kinesiology.
2024;79: 102949.

McGill SM, Grenier S, Kavcic N, Cholewicki J. Coordination of
muscle activity to assure stability of the lumbar spine. Journal of
Electromyography and Kinesiology. 2003; 13: 353-359.

Norris CM, Matthews M. Correlation between hamstring muscle length
and pelvic tilt range during forward bending in healthy individuals: an
initial evaluation. Journal of Bodywork and Movement Therapies. 2006;
10: 122-126.

Stegeman D, Hermens H. Standards for surface electromyography: the
European project Surface EMG for non-invasive assessment of muscles
(SENIAM). Enschede: Roessingh Research and Development. 2007; 10:
108-112.

Sacterbakken AH, Stien N, Pedersen H, Andersen V. Core muscle
activation in three lower extremity exercises with different stability
requirements. The Journal of Strength & Conditioning Research. 2022;
36: 304-309.

Stambolian D, Asfour S, Eltoukhy M. Using Vicon bodybuilder and plug-
in-gait to generate L5/S1 angles, forces and moments. IEEE Aerospace
Conference. Big Sky, MT, USA. March 2014.

Eltoukhy M, Travascio F, Asfour S, Elmasry S, Heredia-Vargas H,
Signorile J. Examination of a lumbar spine biomechanical model for
assessing axial compression, shear, and bending moment using selected
Olympic lifts. Journal of Orthopaedics. 2016; 13: 210-219.

Dolan P, Adams MA. Repetitive lifting tasks fatigue the back muscles


https://help.vicon.com/download/attachments/11378719/Plug-in%20Gait%20Reference%20Guide.pdf
https://help.vicon.com/download/attachments/11378719/Plug-in%20Gait%20Reference%20Guide.pdf

106

138]

1391

[40]

[41]

=
)

and increase the bending moment acting on the lumbar spine. Journal of
Biomechanics. 1998; 31: 713-721.

Kothurkar R, Lekurwale R, Gad M, Rathod CM. Estimation and
comparison of knee joint contact forces during heel contact and heel rise
deep squatting. Indian Journal of Orthopaedics. 2023; 57: 310-318.
Endo Y, Miura M, Sakamoto M. The relationship between the deep squat
movement and the hip, knee and ankle range of motion and muscle
strength. Journal of Physical Therapy Science. 2020; 32: 391-394.
Patterson CS, Lohman E, Asavasopon S, Dudley R, Gharibvand
L, Powers CM. The influence of hip flexion mobility and lumbar
spine extensor strength on lumbar spine flexion during a squat lift.
Musculoskeletal Science and Practice. 2022; 58: 102501.

Takaki S, Kaneoka K, Okubo Y, Otsuka S, Tatsumura M, Shiina I.
Analysis of muscle activity during active pelvic tilting in sagittal plane.
Physical Therapy Research. 2016; 19: 50-57.

Hashemirad F, Talebian S, Hatef B, Kahlace AH. The relationship
between flexibility and EMG activity pattern of the erector spinae
muscles during trunk flexion-extension. Journal of Electromyography and

[43]

[44]

[45]

Kinesiology. 2009; 19: 746-753.

McGill SM, Kippers V. Transfer of loads between lumbar tissues during
the flexion-relaxation phenomenon. Spine. 1994; 19: 2190-2196.

Kang SH, Mirka GA. Load transfer between active and passive
lumbar tissues and its implications in time-dependent EMG-assisted
biomechanical modeling. Journal of Biomechanics. 2025; 183: 112600.
Qi K, Yin Z, Li C, Zhang J, Song J. Effects of a lumbar exoskeleton that
provides two traction forces on spinal loading and muscles. Frontiers in
Bioengineering and Biotechnology. 2025; 13: 1530034.

How to cite this article: Jaewoo Lee, Youngtae Lim,
Moonseok Kwon. Effects of lower-limb joint mobility and core
muscle activation on dynamic lumbar kyphosis during deep
squats. Journal of Men’s Health. 2025; 21(7): 97-106. doi:
10.22514/jomh.2025.101.




	Introduction
	Materials and methods
	Participants
	Procedures
	Deep squat exercise
	Wireless sEMG system
	Biomechanical lumbar model based on reflective markers
	Data processing
	Statistical analysis

	Results
	Peak joint angles of the lower limbs and lumbar spine by direction and muscle activity by muscle group
	Correlation between peak joint angles and muscle activity of the lower limbs and maximum lumbar flexion angle during deep squats
	Effects of lower-limb joint angles and muscle activity on peak lumbar flexion during deep squats

	Discussion
	Conclusions

