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https:/ /doi.org/10.70252 / NEXQ5666 The Bulgarian split squat (BSS) is a unilateral exercise that
emphasizes hip extension more than knee extension, compared to other squat variations. This study aimed to (1)
empirically verify the existence of the rear leg-derived moment (MrL)—a theoretically plausible but previously
untested external resistive hip moment acting against the net hip extension moment (Mgg) of the front leg—and (2)
examine how stance width and forward trunk-leaning angles affect MrL during the BSS. Nine trained male
participants performed bodyweight BSS under two stance conditions (wide and narrow) and three trunk-leaning
conditions (additional, natural, and reduced forward lean). A motion capture system and force platforms were used
to calculate Mgr, head-arm-trunk segment-derived gravitational moment (Muar), and Mue. Mg substantially
contributed to the total external resistance acting against the front hip extensors, ranging from 76 to 86 Nm in the
wide stance and 49 to 71 Nm in the narrow stance, accounting for 70-97% and 62-98% of the total resistance (Muar
+ MRry), respectively. In the narrow stance, MgL increased significantly as the trunk became more upright. The
combined Mgr and Muar closely matched Mug, supporting the validity of the proposed mechanical model. These
findings provide the first experimental evidence of Mgt as a key resistance factor in the BSS. Moreover, MgrL may
enable practitioners to increase mechanical loading on the hip extensors while maintaining a more upright trunk
posture, offering a potential advantage for strength training programs aiming to target the hip extensors with
minimal forward trunk inclination.

Keywords: Bulgarian squat, unilateral squat, glute, low back pain
Introduction

The Bulgarian split squat (BSS), a unilateral squat variation,'-1° places more emphasis on hip
extension than the conventional back squat (BS).!1-17 Indeed, several studies have shown that
the BSS is more hip-dominant than knee-dominant compared to conventional BS in terms of
muscle activity®!113 and joint kinetics.'#18 For athletes in different sports, building hip extension
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strength is crucial for enhancing performance.’®?° Therefore, understanding the factors that lead
to hip dominance during the BSS will help practitioners to design training programs that target
specific muscle groups for improving athletic performance.

A key biomechanical factor contributing to the hip dominance of the BSS is its inherent unilateral
structure. In squatting, the relative demand on the hip extensors increases as forward trunk
leaning is augmented, and the forward displacement of the knees is simultaneously reduced.?!-
24+ However, maintaining substantial trunk leaning under external loads requires a significant
low back moment, which can limit the hip extension moment (Mug) exertion, although it does
not limit the knee extension moment. In the BSS, My is twice that of the BS on a per-leg basis
while maintaining the same magnitude of the low back moment.!* Therefore, the BSS can reduce
spinal moment by 50% compared to the BS for the same hip extensor demand level. This
unilateral structure allows for overcoming back-strength limitations, enabling greater Mue
exertion per leg and making the BSS more hip-dominant than the BS.

Another possible factor contributing to the specific hip dominance in the BSS is the role of the
rear leg. From a biomechanical modeling perspective, the resistive hip flexion moment opposing
front hip extension during the BSS may be conceptualized as comprising two components, based
on the framework proposed in this study: the head-arm-trunk (HAT) segment-derived
gravitational moment (Mnar) and the rear leg-derived moment (Mrr). Mrw refers to the resistive
hip flexion moment generated by the rear leg, which opposes front hip extension during the
BSS. Studies on split squats have estimated that both BSS and front lunge, a similar exercise,
place considerable load on the rear leg, accounting for approximately 15% and 25-45%,
respectively, of the total load distribution (i.e., rear leg GRF divided by total GRF).?> These
substantial rear-leg loads suggest that MrL contributes to the hip-dominant nature of the BSS.
Although theoretically plausible and biomechanically reasonable, the mechanical contribution
of Mgv to the front hip’s Mug in the BSS has remained empirically unverified.

Therefore, the first objective of this study was to empirically verify the existence of MrL as a
resistance factor for the net hip extension moment (Mmug) of the front leg during the BSS, and to
quantify the extent of its contribution. The second objective of this study was to explore how
MrL changes with variations in stance widths and forward trunk-leaning angles. Previous
studies have shown that stance width and trunk leaning significantly affect hip and knee
dominance in split-squat variations.?6?” Therefore, understanding their effects on MrL will help
practitioners optimize training effectiveness to strengthen the hip extensors by adjusting the
stance width and forward trunk-leaning angle. We hypothesized that the contribution of MrL
would increase with a wider stance width and a more upright trunk during the BSS.

Methods
Participants

This study was conducted in accordance with the Declaration of Helsinki and approved by the
Ethics Committee. Before informed consent was obtained, all procedures and potential risks
were thoroughly explained to the participants, both orally and in writing. This research was
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carried out fully in accordance to the ethical standards of the International Journal of Exercise

Science.?8

In this study, the contribution of MrL was evaluated by calculating biomechanical variables
during the bodyweight BSS using a motion capture system and force platforms (Figure 1). A
within-subject crossover design was used to compare the kinematics and kinetics between two
stance widths (wide and narrow) and three different trunk-leaning angles (additional, natural,
and reduced) during the bodyweight BSS. Prior to data collection, participants completed a 4-
week familiarization period to become accustomed to the BSS under each condition. The
experiment was conducted on a single day, during which participants performed the BSS with
their right leg forward. This was because most individuals are right-leg dominant, and using
the right leg as the front leg helped to minimize potential variability due to limb dominance.
Moreover, investigating side-to-side differences was beyond the scope of this study.

Motion capture

GRF_r

‘ Force vector GRF_f Kinematic data
4 H
Force vector a MHAT '_GRF_I’ 1
GRF f&@
/ Muscular moment Resistive moment

FP1 FP2

Equation for validity evaluation

IMyel = [Myar| + [Mg,|

Figure 1. Schematic representation of the experimental setup, data acquisition, and biomechanical model used in
this study. Ground reaction forces (GRF_f and GRF_r) were measured using force platforms under the front foot
(FP1) and rear foot (FP2). Kinematic data were recorded via motion capture. My represents the net hip extension
moment to the front leg (muscular moment), primarily generated by the front hip extensors. Muar and MrL
represent external resistive hip flexion moments acting against Mug, derived from the head-arm-trunk (HAT)
segment and the rear leg, respectively. This study specifically focused on the bottom position of the BSS (vinicity if
the lowest COM), where Mz typically peaks, regardless of the movement phase (concentric or eccentric). In this
study, Mur was conceptualized as the sum of Muar and Mg. at the bottom position of the BSS, representing the
total external mechanical demand on the front hip extensors. The validity of the method was assessed by verifying

the equation: |Mgug| = |Muar| + |Mge|.

Ten male college students participated in this study (age: 19.9 £ 1.7 years; height: 169.7 £ 1.7 cm;
weight: 67.9 £ 7.3 kg). The inclusion criteria required participants to have at least 1 year of lower
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extremity resistance training experience (minimum twice weekly), no orthopedic injuries or pain
affecting experimental tasks, and a height of 170 + 3 cm. This height criterion was implemented
to reduce inter-subject variability in the relative bench height used during the BSS and to ensure
that the fixed bench height would have a comparable biomechanical effect across participants.
According to previous studies on lunge, a movement similar to the BSS, hip joint moments
change dramatically depending on trunk inclination and stance width. 2627 Given the
exploratory nature of the first objective, which aimed to empirically examine the existence and
magnitude of Mrr, a power analysis was not conducted. For the second objective, which
involved statistical comparisons of MrL between different stance widths and trunk-leaning
angles, a pilot experiment estimated an effect size of 4 = 1.5 for the difference in Mug between
stance widths. Based on this estimate, a sample size of 8 participants was calculated to achieve
a power of 0.8 with an alpha level of 0.05. To allow for potential dropouts, 10 participants were
recruited.

Protocol

Each BSS was performed with the rear leg positioned on a customized box (Figures 1 and 2).
This box was constructed of wood and designed to fit within a force platform (0.20 m in length,
0.35 m in width, and 0.40 m in height). The top surface of the box featured a cushioned
semicylindrical pole (R = 0.07 m). Approximately 20 kg of cement was placed inside the box to
ensure stability.

The participants performed the bodyweight BSS with two stance widths (wide and narrow
stances) and three trunk-leaning angles (additional, natural, and reduced forward leaning), as
shown in Figure 2. The stance width was defined as the horizontal distance between the front
leg toe and a vertical line passing through the apex of the semicylindrical pole fixed on the
customized box (Figure 2). Wide and narrow stances were set at 130% and 100% of the
individual’s leg length (distance from the great trochanter to the lateral malleolus of the front
leg), respectively. Based on a preliminary pilot study, the trunk angle at the bottom position in
the natural forward-lean condition exhibited limited interindividual variability. This natural
trunk angle was not determined by participants’ arbitrary preferences but was established
through instructor-guided practice during a 4-week familiarization period, in which
participants were taught a trunk posture that is cnventionally used in strength training practice.
Considering this, we set the additional and reduced trunk-leaning conditions by adding and
subtracting 10°, respectively, from each participant’s baseline angle (Figure 2). This ensured that
the manipulation was sufficiently large to produce distinct postural changes while remaining
within a natural and biomechanically reasonable range.

Before data collection, participants underwent a 4-week training period focused on bodyweight
BSS. Each session comprised six sets of five repetitions of the bodyweight BSS for each condition.
The natural forward-lean condition was performed at the beginning of each session for each
stance and served as a reference for setting the other trunk angles. The additional and reduced
forward-lean conditions were then performed randomly. Participants received feedback on their
trunk angles after each set through image analysis using a smartphone application. To ensure
accurate body modeling, the participants wore tight-fitting clothing. A thin plastic string was
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placed parallel to the forehead axis at knee height to control the forward displacement of the
knee (Figure 2). The amount of forward knee displacement was standardized based on the
natural forward-lean condition within each stance. The squat depth was adjusted such that the
lower surface of the thigh was parallel to the floor in the sagittal plane. Both hands were placed
on the iliac crests during the squat. A minimum of 5 min of rest was provided between sets.
These controls were maintained throughout the familiarization period.

Wide stance Narrow stance
Trunk lean conditions Trunk lean conditions
Reduced Reduced
Additional Natural " ya.™ Additional Natural " qn.™
(+10° ) (+10° )

Identical knee

displacement
across trunk-lean .

conditions

s

Stance width Stance width
(Wide) (Narrow)

Figure 2. Stance width definitions and trunk-lean conditions during the BSS. The stance width was defined as the
horizontal distance between the front leg toe and a vertical line passing through the apex of the semicylindrical
pole fixed on the customized box. Wide and narrow stances were set at 130% and 100% of the individual’s leg
length (distance from the great trochanter to the lateral malleolus of the front leg), respectively. Trunk-lean
conditions include additional lean (+10°), natural lean, and reduced lean (—10°). Knee displacement was controlled
to remain consistent across all trunk-lean conditions within each stance width.

During the experiment, the participants wore tight-fitting clothing on the lower body and
remained bare-chested. Following a warm-up session consisting of a few practice sets of BSS
and stretching, 22 reflective markers were attached to the participants” bodies. Each participant
was instructed to perform the tasks with their dominant leg forward and the nondominant leg
placed behind on a customized box positioned on the force platform. The squatting posture,
number of repetitions, and rest intervals between sets were identical to those during the
familiarization period. The cadence of the squatting movement was controlled by a metronome,
with participants instructed to descend in 1.5 s and ascend in 1.5 s.

The two stance conditions (Figure 2) were performed in a random order. The natural forward-
lean condition was performed first in each stance condition, and trunk angles were immediately
calculated as they were during the familiarization period. The trunk angles for the other two
conditions (i.e., additional and reduced forward lean) were individually determined. Knee
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displacement was controlled using a plastic string, as done during the familiarization period.
The trial was repeated if the trunk angle or knee displacement deviated by more than +3° or +3
cm, respectively, from the target values. The trunk angle used for the biomechanical analysis
was re-evaluated after the experiment using data from the motion capture system.

Movements during the exercises were recorded and analyzed using a three-dimensional motion
capture system (VICON MX, Oxford, United Kingdom) with a sampling frequency of 100 Hz
and 10 cameras. A total of 22 reflective markers (diameter: 25.4 mm) were affixed to the
participant’s body to create a link segment model. Markers were placed bilaterally on the
auricular points, anterior-superior iliac spines (ASIS), posterior-superior iliac spines (PSIS),
greater trochanters (GT), medial and lateral femoral condyles, and medial and lateral malleoli
and unilaterally on the upper end of the sternum (US) and the seventh cervical vertebra (C7).

Participants wore shoes with markers affixed to their first and fifth metacarpals. The ASIS
markers were positioned 1 cm laterally from the palpated location to ensure camera visibility
during deep hip flexion in the BSS. Any potential sagittal errors due to ASIS marker
displacement were expected to be mitigated using larger markers.

The vertical and horizontal components of the ground reaction force (GRF) and the position of
the center of pressure (COP) were measured separately for the front and rear legs (Figure 1)
using two force platforms (length: 0.6 m, width: 0.4 m, Kistler, Winterthur, Switzerland). GRF
and COP data were recorded at a frequency of 1,000 Hz and synchronized with the motion
capture position data.

The raw coordinates of the markers were smoothed using a fourth-order Butterworth digital
low-pass filter with a cut-off frequency of 5 Hz. A two-dimensional link segment model
consisting of seven segments (head-arm-trunk [HAT], right foot, right shank, right thigh, left
foot, left shank, and left thigh) was constructed in the sagittal plane from the kinematic data.
The positions of the left and right hip joint centers were determined based on previously
reported methods.?? The knee and ankle joint centers were defined as the midpoints between
the corresponding lateral and medial markers. The kinematics of the HAT segment were
evaluated using a line segment connecting the midpoint between the US and C7 markers to the
midpoint between the right and left GT. The hip and knee joint angles in the anatomical position
were defined as 180°, with hip and knee joint extensions defined as positive.

The mass, center of mass (COM) position, and inertial parameters of each segment were
determined based on a previous study®* and were personalized for each subject’s
anthropometry. The hip and knee extension moments of the front leg (Mue and Mkg) were
calculated by sequentially solving the equations of motion from the foot to the upper segments
using data from the front force platform. Mgr, which acts as resistance on the front leg, was
calculated by solving the equations of motion from the rear foot to the more proximal segments
using data from the rear force platform. Additionally, Muar, which also contributes as resistance
on the front hip extensors, was calculated by solving the equations of motion for the HAT
segment based on the kinematic data. In this study, Mue was conceptualized as the sum of two
independent resistive components acting in the hip flexion direction: Muar, generated by the
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gravitational moment of the HAT segment, and Mgi, generated by the rear leg. These two
components do not directly interact with each other but jointly represent the total external
resistance that must be overcome by the front hip extensors. The COP of the GRF acting on the
rear foot was assumed to coincide with the apex of the semicylindrical pole in the sagittal plane.
Notably, the hip joint moments were calculated based on the coordinate system of the pelvic
segment rather than that of the trunk segment.

According to the fundamental mechanical principle, the following relationship was assumed to
hold for the three calculated moments:

|[Mue| = | Muar| + |Mre |
This equation was used to validate the accuracy of the joint moment calculations in this study.
Statistical Analysis

For statistical analyses, the trial with the trunk-leaning angle closest to the mean of five
repetitions of the natural forward-lean condition for each stance width was selected. In the
additional and reduced conditions, the trials closest to + 10° relative to the natural condition
were selected. This method ensured that the selected trial was the most representative of each
condition. All trials were conducted under strict control, and those deviating more than + 3° or
+ 3 cm from the target were discarded and repeated, minimizing intra-individual variability.

One-way analysis of variance (ANOVA) was performed to analyze the differences in each
variable across the trunk-leaning conditions, followed by Tukey’s post-hoc test for pairwise
comparisons. Before performing ANOVA, the normality of data was confirmed using the
Shapiro-Wilk test. Additionally, the homogeneity of variances across conditions was verified
using Bartlett’s test. For stance condition comparisons, a two-tailed paired t-test was used to
analyze the difference between wide and narrow stances under the natural trunk-lean condition.
Statistical analysis was not performed for the additional and reduced trunk-lean conditions
because the trials in the wide-stance and narrow-stance conditions did not necessarily
correspond to each other. The significance level was set at P < 0.05. All statistical analyses were
conducted using R software (R version 3.3.3; R Core Team, Vienna, Austria). Cohen’s d and
partial eta squared (%) were calculated as indices of effect size. The magnitude of the effect size
was interpreted as small (d = 0.2, #2 = 0.01), medium (d = 0.5, 52 = 0.06), and large (d = 0.8, 2 =
0.14).

Results

Data were successfully obtained from 9 of 10 participants, excluding one participant who
dropped out during the familiarization period. In this study, the biomechanical variables were
analyzed at the bottom position of the BSS, defined as the vicinity of the lowest COM position,
where the hip extension moment (Mnug) of the front leg is typically maximized. According to our
model, Mug was conceptualized as the sum of two resistive components acting in the hip flexion
direction: Muyar and Mg.
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Table 1. Kinematic and kinetic results of each condition

Wide stance Narrow stance Wide vs. Narrow
Variables Trunk lean Trunk lean (Natural trunk
lean)
Additional Natural Reduced P 72 Additional Natural Reduced P 72 P d
. Minimum 051+0.04 050+004 050+0.05 - - 055+0.04 052+003 052+002 - - - -
CON([;‘)‘“ght Maximum 089+0.05 090+004 089+0.06 - - 091+0.03 091+003 090+0.03 - - - -
Displacement 038+0.06 039+004 038+0.07 - - 035+0.06 039+004 038+004 - - - -
Maximum ext. 1436+114 1491451 1488+93 - - 156.2+74 1625+65 162.3+54 - - - -
Hip j("é‘e‘t )"mgle Maximum flex. 872115  891+89 924102 - . 93.6+113 965+£82  99.8+84 : . - -
8 Bottom of the COM 91.6+150 89.2+88 925+102 - - 93.7+113 961+84 100087 - - - -
Trunk forward lean angle (deg) 66.9+38  766+40  869+45 0000 0.99 665+51  77.0+55  86.8+47 0000 0.99 0.837 0.08
Shank forward lean angle (deg) 302+72  286+67 290+52 0256 0.03 32.7+55  333+36  326+51 0591 0.4 0.017 0.87
Horizontal 1428 6423 8421 - - 5+16 7+16 14 +18 - - - -
GREfattht:eC g‘;&"m Front Vertical 420 +57 391+54  370+31 - - 427 +49 390 +35 364 +71 - - - -
) keqy  Horizontal 14 28 21426 23+16 - - 20+24 30 £20 34+23 - - - -
Vertical 175 + 40 187 + 42 196 + 42 - - 169 + 42 211 +49 234 £30 - - - -
Knee Mk 27 £13 25 +11 26+9 0840 0.02 40+11 39+9 38+13 0756 0.01 0.003 143
Mz 102 £ 17%* 94+16 87+8 0001 055 78 +15% 73+10 63+13*  0.000 059 0.000 1.44
Joint moment at the Mrat + Mre 109 + 16** 99 + 16 90+16  0.004 042 83 +19 86+13 7423 0169 0.18 0.024 0.74
bottom of the COM .
(Nm) Hip Muar 33 + 5% 205 4+7%  0.000 0.96 33 + 6% 19+8 3+£7% 0000 0.96 0.740 0.14
Mre 76 £19 79 +17 86+20 0151 021 49 + 20%* 67 +18 71+24 0006 0.73 0.116 0.54
%Mre 70% 81% 97% - - 62% 79% 98% - - - -

Mkg, extension moment of the knee joint; Mug, extension moment of the hip joint; Muart, the HAT (head-arm-trunk) segment-derived gravitational
moment; Mgy, rear leg-derived moment; %Mrt, percentage contribution of Mgt vs. Muar + MrL. Values indicate mean + standard deviation for each
variable. P values are the results of the one-way analysis of variance. *Significant difference compared to the natural trunk-lean condition at P <
0.05. **Significant difference compared to the natural trunk-lean condition at P < 0.01.
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As shown in Table 1, the standard deviation of the trunk forward lean angle in the natural
condition was relatively small —4.0° in the wide stance and 5.5° in the narrow stance —indicating
low inter-individual variability. In addition, COM height (minimum, maximum, and
displacement), shank forward lean angle, and Mke were nearly identical across the three trunk-
leaning conditions. Similarly, COM height and trunk forward lean angle were comparable
between the wide and narrow stance conditions. These results suggest that neither trunk-
leaning angle nor stance width had a substantial effect on BSS kinematics.

Figure 3 presents the overall averages of the time course for Mg, MrL, and Muart synchronized
with the time of the lowest COM. The stacked areas of MrL and Muart generally matched the
patterns of Mug (solid line), except for the natural and reduced trunk-lean conditions in the
narrow stance (Figure 3). In these two cases, the summed curves of MrL and Muar exceeded that
of Muk around the time of the lowest COM (i.e., 0 s).

- M
Wide stance Wide stance Wide stance HE

Additional-trunk-lean Natural-trunk-lean Reduced-trunk-lean Muyar
—~ 120 —Bottom of COM 120 i 120
E 100 T 100 ; 100 B Mg,
= 80 80 80
s
S 60 60 60
£ 40 40 40
© 20 20 20
= 0 0 0

10 -05 0 05 1.0 10 05 0 05 1.0 10 05 0 05 10

Time (s) Time (s) Time (s)
Narrow stance Narrow stance Narrow stance

Additional-trunk-lean Natural-trunk-lean Reduced-trunk-lean
E 120 120 120
= 100 100 100
= 80 80 80
P
S 60 60 60
£ 40 40 40
S 20 20 20
=

0 0

40 05 0 05 10 40 05 0 05 10 40 05 0 05 10
Time (s) Time (s) Time (s)

Figure 3. Time-series data of the hip extension moment (Mug), head-arm-trunk (HAT) segment-derived
gravitational moment (Muart), and rear leg-derived moment (MrL) during the BSS under different stance width and
trunk-lean conditions. Muat and ML are presented as stacked time-series areas, with their sum compared to Mue
(solid line) to validate the method. The dashed vertical line (t = 0) indicates the bottom position of the center of
mass (COM). Moment values are expressed in Nm.

The mean Myg at the lowest COM ranged from 102 to 87 Nm in the wide stance and from 78 to
63 Nm in the narrow stance (Table 1). A significant difference in Mug at the lowest COM was
observed between the wide and narrow stances (wide: 94 + 16 Nm vs. narrow: 73 £ 10 Nm in
the natural trunk-lean condition, P <0.01). Our data revealed a significant effect of trunk-leaning
conditions on Muk at the lowest COM in both the wide (P < 0.01) and narrow (P < 0.01) stance
conditions. Post-hoc multiple comparisons indicated that Mue at the lowest COM was
significantly greater in the additional trunk-lean condition than in the natural trunk-lean
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condition in both stances (P < 0.01 for both stances) and significantly lower in the reduced trunk-
lean condition than in the natural trunk-lean condition in the narrow stance (P < 0.05).

Mre at the lowest COM ranged from 76 to 86 Nm in the wide stance and from 49 to 71 Nm in
the narrow stance. Its contribution to the total resistance (i.e., MrL + Muar) against front hip
extensors ranged from 70% to 97% in the wide stance and from 62% to 98% in the narrow stance.
No significant difference in Mg at the lowest COM was observed between the wide-stance and
narrow-stance conditions within the natural trunk-lean condition (wide: 79 + 17 Nm vs. narrow:
67 £18 Nm, P = 0.116). Our data revealed a significant main effect of trunk-leaning conditions
on the MrL at the lowest COM only in the narrow stance (P < 0.01), with no significant main
effect observed in the wide stance (P = 0.151). Post-hoc multiple comparisons for the narrow-
stance condition indicated that the ML at the lowest COM was significantly lower in the
additional trunk-lean condition than in the natural and reduced trunk-lean conditions (P <0.01).

Discussion

This study had two primary objectives. The first objective was to empirically verify the existence
of the rear leg-derived moment (Mrv), a theoretically plausible but empirically untested external
resistive hip flexion moment that acts against the front hip extensors during the bodyweight
BSS. The second was to examine how MrL changes with variations in forward trunk leaning and
stance width. Notably, our analysis focused on the bottom position of the BSS, where mechanical
demand of the hip extensors is maximized.

Our findings provide the first experimental evidence that MrL constitutes a substantial portion
of the total external resistance acting on the front hip extensors during the BSS. Specifically, MrL
accounted for 70-97% of the total resistance in the wide stance and 62-98% in the narrow stance.
This novel result empirically validates the mechanical model that conceptualizes MuE as the sum
of MrL and Muart. Moreover, MrL was significantly greater when the trunk was more upright,
particularly in the narrow stance —highlighting its role in enabling practitioners to maintain an
upright trunk posture while still loading the hip extensors.

Importantly, this dual function of MrL—augmenting hip extensor loading while promoting
trunk verticality — offers a unique biomechanical advantage. In traditional squats, increasing hip
extensor loading typically necessitates greater forward trunk lean, which elevates lumbar spine
stress. In contrast, our findings suggest that the BSS, through Mg, can decouple this trade-off,
allowing for high hip loading without proportional increases in spinal demand. This
characteristic makes the BSS an effective exercise for athletes and rehabilitation settings where
spinal load minimization is essential.

It should be noted, however, that this study examined the BSS under bodyweight conditions.
Given that Mgy is influenced primarily by rear-leg posture and passive tissue tension—rather
than by loading magnitude —it may not increase proportionally with added external loads.
While Mue would rise with barbell or dumbbell use, MrL may remain relatively constant,
thereby reducing its relative contribution. Nevertheless, the absolute MrL observed in this study
(49-86 Nm) indicates that even under loaded conditions, MrL likely provides meaningful

International Journal of Exercise Science http:/ /www.intjexersci.com

( ]
l8901



Int | Exerc Sci 18(7): 881-894, 2025

resistance. For example, Arakawa et al. (2023) reported an MuE of ~220 Nm under 10RM load'4,
suggesting that %MgrL may still exceed 25% in loaded conditions —a non-negligible portion of
total resistance.

The posture-dependent nature of MrL was further supported by the finding that a more
extended rear-hip position (seen in upright trunk posture) led to greater MrL in the narrow
stance (Table 1). This is likely due to the contribution of the passive hip moment of the rear leg.
Prior data have shown that the passive hip flexion moment increases in a hip extended posture,
especially beyond the anatomical position.?! In the present study, the average peak hip extension
angle of the rear leg was 183.8 £ 10.6° in the additional trunk-lean condition and 194.1 + 6.0° in
the reduced trunk-lean condition, indicating that the hip extended by approximately 10° more
in the upright-trunk condition. This difference in the hip extension angle likely caused the
observed difference in the passive hip flexion moment between the conditions, which in turn
contributed to the observed difference in MrrL. Based on this inference, individuals with lower
hip flexibility may benefit more from this passive moment, leading to the hip-dominant nature
of the BSS. Clarifying this influence would be valuable for developing training prescriptions that
are tailored to individual flexibility profiles; future investigations are warranted.

While split-squat variations include exercises such as single-leg squats, step-ups, front and back
lunges, and walking lunges, the BSS is distinct in that the rear leg is elevated on a bench, placing
the hip joint in a more extended position. This positioning likely increases the contribution of
the passive hip moment, resulting in a greater MrL and foreleg Mue in the BSS than in other
split-squat variations. Indeed, previous studies using electromyography (EMG) analysis®32
reported greater EMG activity in the hip extensors of the front leg during the BSS than during
other split-squat variations. However, it should be noted that EMG activity reflects neural
activation levels, not muscle force production itself. Nevertheless, these results indirectly
support the notion that the BSS places a higher mechanical demand on the hip extensors than
other split-squat variations.

This study has some limitations. First, although the trunk lean and stance width varied, the
forward displacement of the knee was kept constant. It is important to consider the effect of knee
displacement during squatting, as it affects the relative contribution of the hip extensors.?
Second, the participants performed the bodyweight BSS without external loads. When
dumbbells or barbells are used, both the absolute value of Mrr and its percentage contribution
to the total resistance are likely to differ. Third, in some cases, the sum of MrL and Muar
exceeded Mug, suggesting a potential overestimation of Mgr. This discrepancy was particularly
notable under narrow-stance conditions with natural and reduced trunk leaning. When the
stance width is narrow, the rear knee is flexed more, causing the actual COP on the customized
box to shift forward from the semicylindrical pole. However, in the present study, the COP was
assumed to be fixed at the apex of the semicylindrical pole. This assumption might have led to
an overestimation of the moment arm length around the hip when calculating Mrr. Fourth, the
study had a small sample size, and all participants were male college students. Thus, the
tindings of this study may not be applicable to individuals with different profiles, such as sex,
body size, body composition, physical strength, or flexibility. Furthermore, the rear-leg support
height was fixed at 40 cm to reflect common practice. Although participants varied in stature, a
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+6% difference in relative height (e.g., due to 2-3 cm variation for a leg length of ~80 cm) would
alter the rear hip angle by only ~2°, suggesting minimal mechanical impact on Mgr. Therefore,
despite individual differences, the findings are likely to be applicable across a typical range of
anthropometrics in practice, though caution is advised for extreme cases.

In conclusion, this study provides the first empirical evidence that the rear leg in the Bulgarian
split squat (BSS) generates a mechanically significant resistive moment (MrL) acting on the front
hip extensors. This resistive moment contributes substantially to the hip-dominant nature of the
BSS and facilitates the maintenance of a more upright trunk posture during the exercise. While
this study did not directly assess spinal loading, these findings suggest that the BSS may offer a
unique advantage in strength training: the ability to increase mechanical demand on the hip
extensors without necessarily requiring greater forward trunk lean. This characteristic may have
practical implications for designing lower-body resistance training programs, particularly in
athletes or individuals seeking to target the hip extensors while potentially minimizing trunk
inclination — a factor that could help reduce stress on the lower back.
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