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Abstract

The squat is a fundamental multi-joint movement widely studied in strength training
and biomechanics. While numerous experimental and computational studies have ex-
amined squat kinematics and joint loading, the mechanisms governing how squat tech-
nique adapts to increasing external load remain insufficiently understood. In particular,
inverse-dynamics-based approaches often overlook explicit constraints imposed by limited
joint moment capacity. This study presents a computational framework for predicting
load-dependent adaptations of squat posture. The human body was represented as a
multi-segment rigid-body system, with joints modeled as nonlinear rotational elements
with bounded moment capacity. A reference squat trajectory was first generated kinemati-
cally, and a constrained optimization procedure was then applied at each motion frame to
determine a mechanically admissible posture under increasing barbell load. The results
show that higher loads lead to systematic posture adaptations, including increased torso
inclination and redistribution of rotational demand from the knee toward the hip joint. For
the highest load, peak torso pitch increased from 30° to over 40°, while joint utilization
exceeded unity, indicating the onset of yielding. These findings identify joint moment
capacity as a key constraint governing squat technique and demonstrate the potential of
the proposed framework for predictive biomechanical analysis.

Keywords: squat biomechanics; barbell load; joint moment capacity; nonlinear joint
mechanics; nonlinear optimization; predictive simulation; load-dependent posture adaptation;
computational biomechanics

1. Introduction

The squat is one of the most fundamental multi-joint movements in human locomo-
tion and strength training, widely used in both athletic performance and rehabilitation
contexts [1,2]. Its biomechanical complexity arises from the coordinated interaction of multiple
body segments, including the lower limbs, pelvis, and torso, which must adapt continuously
to maintain balance and mechanical efficiency under varying loading conditions [3-5].

In addition to its relevance for performance training, the squat has also been widely
used as a model task in human movement research to investigate lumbopelvic coordination,
lower-limb mechanics, and trunk control under load. Previous experimental studies have
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shown that squat execution depends strongly on segment coordination and on the ability
to maintain balance while redistributing joint demand across the ankle, knee, hip, and
trunk. These observations indicate that squat mechanics should be interpreted not only
kinematically, but also in terms of the underlying mechanical constraints that shape feasible
movement strategies.

A substantial body of research has investigated how variations in squat technique
influence joint kinematics, kinetics, and muscle activation patterns. Key factors such
as stance width, bar position, and movement strategy have been shown to significantly
affect load distribution across the hip, knee, and ankle joints [6-8]. In particular, different
squat styles, including traditional, powerlifting, and box squat techniques, exhibit distinct
movement patterns characterized by varying degrees of knee displacement, hip backshift
(defined here as the posterior displacement of the pelvis center relative to its initial position),
and torso inclination [9-11].

One of the most frequently discussed aspects of squat mechanics is the role of knee
translation. Limiting anterior knee displacement has been associated with reduced knee
joint loading but increased demands on the hip extensors, resulting in modified joint torque
distributions and changes in trunk posture [12,13]. These findings highlight the inherent
trade-offs between joint loading mechanisms and movement strategies.

Beyond kinematics, numerous studies have explored the relationship between squat
execution and performance-related variables such as force production, velocity, and power
output [14-16]. In particular, the rate of force development and peak power have been
identified as key indicators of athletic performance, although their dependence on technique
and loading conditions remains complex [17]. Additionally, musculotendinous stiffness
and the interaction between eccentric and concentric phases have been shown to influence
movement efficiency and force transmission [18].

Experimental investigations have further demonstrated that squat technique affects
not only performance metrics but also potential injury mechanisms. Variations in joint
alignment, particularly involving hip internal /external (axial) rotation and knee valgus,
may increase stress on the knee joint and contribute to injury risk [19,20]. Accurate measure-
ment and modeling of body kinematics and center-of-mass motion are therefore essential
for reliable biomechanical analysis [21,22].

Despite these extensive experimental efforts, most existing studies rely on inverse
dynamics approaches, in which joint moments are calculated from measured motion and
external forces. While this methodology provides valuable insight into the mechanical
consequences of observed movement, it does not explicitly address whether a given motion
is mechanically admissible under realistic joint strength limitations [23-25].

From a mechanics perspective, human motion can be interpreted as the result of com-
peting constraints imposed by geometry, external loading, and internal strength capacity. In
this context, joint moment limits may play a governing role in shaping movement strategies,
particularly under large external loads [26-28]. However, this aspect remains relatively
underexplored in current biomechanical modeling frameworks.

This gap is particularly relevant in the context of predictive simulation and mechan-
ically constrained movement modeling. While musculoskeletal and inverse dynamics
frameworks have greatly improved the analysis of observed motion, they are often used
to evaluate motion that has already occurred rather than to predict how posture may
change when mechanical limits become active. For loaded multi-joint tasks such as the
squat, this distinction is important because the performed technique may emerge from a
trade-off between movement intent, balance requirements, and the finite strength of the
involved joints.
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Recent developments in computational biomechanics suggest that integrating kine-
matic modeling with mechanical constraints may provide a more complete description
of human motion [29,30]. Such approaches enable the investigation of how movement
patterns emerge as a result of mechanical feasibility rather than being prescribed a priori.

In this study, a computational framework was developed for reconstructing squat
motion under external loading while explicitly accounting for joint moment capacity. The
method combined kinematic trajectory generation with a nonlinear joint model and a
constrained optimization procedure, allowing the motion to adapt dynamically to mechan-
ical limitations.

The novelty of the proposed approach lies in the explicit integration of bounded
joint moment capacity into a predictive frame-by-frame posture correction scheme, so that
technique adaptation is not prescribed a priori but emerges from the interaction between
tracking objectives, external loading, and mechanical feasibility. In this way, the framework
complements classical inverse dynamics by addressing not only the consequences of
an observed movement, but also the mechanical admissibility of alternative movement
strategies under load.

The objective of the present study was therefore to investigate how increasing barbell
load modifies squat posture and redistributes joint demand when joint strength limits are
treated as active biomechanical constraints.

2. Materials and Methods

The squat motion was modeled using a three-dimensional, segment-based representa-
tion of the human body. The model consisted of rigid segments corresponding to the feet,
shanks, thighs, pelvis, and torso, connected by rotational joints. The formulation involved
a reduced set of generalized coordinates describing the global posture of the system, while
intermediate joint positions were obtained through geometric constraints.

The model was implemented in a custom computational environment (MATLAB
(R2024a)-based), and all simulations were performed using a frame-by-frame quasi-static
approach. The total number of active degrees of freedom in the mechanical correction stage
was five, corresponding to pelvis translation, pelvis orientation, and torso inclination.

The motion was parameterized through a reduced set of generalized coordinates
describing the position and orientation of the pelvis, as well as the inclination of the
torso. These variables defined the global posture of the system, while the positions of
intermediate joints, such as knees and hips, were determined through geometric constraints
ensuring compatibility with prescribed segment lengths. This formulation enabled the
generation of smooth squat trajectories while preserving kinematic consistency of the
lower-limb mechanism.

The adopted three-dimensional kinematic representation, including the definition of
body segments, joint locations, and principal geometric variables, is illustrated in Figure 1.
In this representation, the pelvis center is defined as the midpoint between the left and
right hip joint centers.

The reference motion was generated using a smooth parametric profile, which con-
trolled the vertical displacement and horizontal shift of the pelvis, as well as the progressive
inclination of the torso. This reference trajectory served as a baseline kinematic solution that
did not account for mechanical limitations of the joints. In subsequent steps, the motion
was corrected through an optimization procedure that enforced joint moment constraints
and allowed for load-dependent modifications of posture.

To this end, each joint was modeled using a nonlinear rotational element with bounded
moment capacity, enabling the representation of elastic behavior followed by gradual stiff-
ness reduction once a critical moment level was approached. This formulation provided a
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continuous transition between elastic- and plastic-like response, allowing the model to cap-
ture the onset of mechanical limitations without introducing discontinuities in the solution.
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Figure 1. Three-dimensional biomechanical model used in the study, including segment definitions,
joint locations, and kinematic variables governing squat motion.

The anthropometric parameters used in the model were selected to represent a typical
adult male subject and were based on commonly reported proportions in the biomechanics
literature. Segment lengths and body proportions were chosen to ensure realistic kine-
matic behavior, while maintaining a simplified and generic representation suitable for
parametric analysis.

2.1. Kinematic Representation of the Body

The model was defined in a global Cartesian coordinate system (X, Y, Z), where the X-
axis denotes the anterior—posterior direction, the Y-axis corresponds to the left-right direction,
and the Z-axis is vertical. The body was represented by rigid segments corresponding to the
feet, shanks, thighs, pelvis, and torso. The left and right legs were treated separately, while the
pelvis and shoulder girdle were modeled as horizontal connecting segments.

The generalized coordinates used for the mechanical correction step were collected in
the vector

T
a=|xp zp Yp ¢p 0, 1)

where Xp and zp are the horizontal and vertical coordinates of the pelvis center, Py is
the pelvis rotation about the global Z-axis, ¢ is the pelvic obliquity (rotation about the
global X-axis), and 6 is the torso pitch angle (rotation about the global Y-axis, i.e., in the
sagittal plane). In this formulation, the X-axis corresponds to the frontal axis, the Y-axis
to the sagittal axis, and the Z-axis to the vertical direction. The adopted coordinate vector
provides a compact description of the global posture of the body. In particular, x, controls
the horizontal position of the pelvis relative to the fixed foot positions, z, defines squat
depth, ¥, represents axial rotation of the pelvis, ¢, describes pelvic obliquity (rotation
in the frontal plane), and 6; governs the forward inclination of the torso (sagittal-plane
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rotation). Together, these variables capture the primary degrees of freedom involved in
load-dependent posture adaptation.

The lateral translation of the pelvis center was neglected in the present study, which is
consistent with the assumed dominant symmetry of the movement in the frontal direction
and with the adopted motion drivers.

For a given q, the center of the pelvis was defined as

Xp
P,= 1|0 ()
Zp

The pelvis orientation was described by the rotation matrix

Ry = Rz (yp)Ra(¢p), )
where R; (¢pp) and Ry (¢p) are the standard rotation matrices about the Z- and X-axes,
respectively.

cosypp —siny, 0 1 0 0
R:(yp) = |siny, cosyp, 0|, Re(pp) = |0 cosp, —singy|. (4)
0 0 1 0 sing, cos¢y

The variable by, denotes the pelvis width. The local transverse unit vector of the pelvis
was obtained from

0
e,y =Rp |1 5)
0
and the hip joint centers were then written as
bl’ bl’
Pa, =Pp+ 5 €pr PHg = Pp— 5 Cyp (6)

The ankles were assumed to be fixed in space throughout the motion, which corre-
sponded to a stance with prescribed foot positions. Thus,

pAL = PE)QL’ pAR = p%[{’ (7)

where p%L and p%R denote the initial coordinates of the left and right ankle joints. The toes
and heels were reconstructed from the ankle locations and the prescribed foot orientation
angles, but since the presented mechanical model was driven primarily by pelvis and torso
variables, these points were used mainly for visualization and interpretation rather than as
additional mechanical degrees of freedom.

2.2. Local Leg Planes and Inverse Kinematics

Each leg was solved in its own vertical plane. This construction was important because
it allowed the left and right limbs to differ in orientation while avoiding the complexity of
a full three-dimensional inverse kinematics formulation. «; and ag denote the yaw angles
of the left and right feet in the horizontal plane. The corresponding unit vectors defining
the local anterior direction of each leg were given by

COS K[, COS AR
ey = |sinap |, eyr= |[sinag]|, (8)
0 0
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whereas the local vertical direction was common for both legs,
0
e, = |0]. )
1

For each side, the hip position was projected onto the corresponding local sagittal
plane attached to the ankle. For the left leg, the local coordinates of the hip were

XH, = (pHL - pAL) eyl ZH, = (pHL - PAL) "€z, (10)
and analogously for the right leg,

YHg = (PHR *PAR> "€yR, ZHR = (pHR - pAR> - €. (11)

Ls and Ly denote the lengths of the shank and thigh, respectively. For each leg, the knee
position was obtained as the intersection of two circles in the local plane: one centered at
the ankle with radius Ls, and the other centered at the hip with radius L - Thus, for the left
leg, the local knee coordinates (x,, zx, ) satisfied

X%, +2x, = L3, (12)

(XHL - XKL)Z + (ZHL — ZKL)2 = LJ%, (13)

and the same form was used for the right leg. The admissibility of the inverse kinematics

Ls—Lf‘ <\t +2 <Li+L;,  i€{LR}, (14)

which defined the reachable domain of the hip relative to the ankle. Once the local knee

solution required

coordinates were found, the three-dimensional position of the knee was reconstructed as
Pk, = Pa, T ¥k,ex,i + ZK,€z, i€ {L R} (15)

This formulation preserved the exact lengths of the thigh and shank and ensured
that the kinematic correction of the upper body remained compatible with the lower-
limb geometry.

2.3. Torso and Shoulder Girdle

The torso was modeled as a rigid segment of length L; connecting the pelvis center and
the shoulder center. If the torso was assumed to follow the pelvis yaw, then its horizontal
projection was aligned with the rotated sagittal direction of the pelvis. The torso direction
vector was therefore written as

sin 6 cos Py,

d; = |sin#;sin ¥y (16)
cos 0;
and the shoulder center became
ps, =p, + Lt d:. (17)
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bs denotes the shoulder width. The left and right shoulder points were then obtained from

Ps, = Ps. + %ey,s/ Ps, = Ps, — %eyw (18)
where ey s is the shoulder transverse direction. In the present implementation, this di-
rection followed the pelvis yaw, which provided a geometrically consistent upper-body
representation without introducing additional rotational degrees of freedom.
The torso was modeled as a single rigid segment, neglecting internal spinal articulation.
This simplification was adopted to reduce model complexity and to focus the analysis on
global posture adaptation rather than local spinal mechanics. As a result, the model did not
capture detailed load distribution within the lumbar region, which represents a limitation
of the present formulation.

2.4. Reference Trajectory

The reference squat motion was generated by prescribing smooth trajectories for the
pelvis center and torso orientation. Specifically, the pelvis descended vertically and shifted
posteriorly, while the forward torso pitch (i.e., flexion in the sagittal plane) increased with
squat depth. s € [0, 1] denotes the normalized motion parameter, where s = 0 corresponds
to the initial upright position and s = 1 to the deepest squat position. A smooth profile
function f(s) was introduced as

f(s) = 3s% — 255, (19)

which guaranteed zero slope at both endpoints and therefore avoided abrupt transitions
between frames. The smooth step function was selected due to its C; continuity, ensuring
zero velocity at the beginning and end of the motion. This avoided artificial acceleration
discontinuities and provided a physically consistent transition between successive frames.

Using the maximum amplitudes of the prescribed motion, the reference generalized
coordinates were defined as

x;ef(s) = xp0 — Axyp f(s), (20)

z‘,",ef(s) =2zp0 — Dzp f(s) (21)

Ppi(s) = Ppmaxf(5), 51 (5) = Ppmaxf(s),  O5(5) = Ormaxf(s), (22)

where Xp,0 and Zp0 denote the initial pelvis coordinates, and Axp, Az, Pp,max, Pp,max, and
6t,max are user-defined amplitudes. The reference motion did not yet account for the effect
of external loading or joint strength limits; instead, it represented the intended squat pattern
to be corrected in the next step.

2.5. Joint Variables and Local Angular Measures

The purpose of the mechanical correction was not to model beam bending in the
body segments, but to capture the rotational demand in the principal joints. For this
reason, the body segments were treated as rigid, while the joints were represented by
nonlinear rotational elements. The relevant angular quantities were extracted from the
reconstructed geometry.

For each leg, the shank and thigh orientations in the local plane were determined
from the corresponding segment vectors. The local shank angle was obtained from the
ankle-to-knee direction, and the local thigh angle from the knee-to-hip direction. Based on
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these, the ankle, knee, and hip joint measures were introduced in a form consistent with
the adopted computational implementation. For the left side,

Qu,L = GS,LI (23)
Ok =05 — 071, (24)
O = OrL — Pp, (25)

where 6; | is the shank angle and 6 | is the thigh angle in the local left-leg plane. Analogous
definitions were used for the right side. The torso rotational measure was defined as the
relative angle between the torso and the pelvis tilt:

6r = 6 — . (26)

These angular measures were evaluated both for the reference motion and for the
mechanically corrected posture. Their differences drove the joint moments and energy
contributions. In the present formulation, joint moments are evaluated about the medio-
lateral axis and therefore correspond to flexion—-extension behavior in the sagittal plane.

2.6. Nonlinear Joint Model with Moment Capacity

The mechanical behavior of each joint was described using a bounded nonlinear
moment-rotation law. Af; denotes the deviation of the current joint angle from its refer-
ence value:

_p._ pref
A9; = 0; — 6, (27)

where j denotes one of the active joints: left ankle, left knee, left hip, right ankle, right knee,
right hip, or torso. The restoring moment in joint j was then defined as

kj Ae]'
M] (AGJ) = My,]‘tal‘lh Myj , (28)

where k; is the active rotational stiffness and M, ; is the critical moment capacity. This
expression had two desirable properties. First, for small angular deviations, it recovered an
approximately linear elastic response:

M;(A6;) =~ k;jAf; for | Ab; |< 1. (29)
Second, for large deviations, it asymptotically approaches the joint capacity:
|M;(A6))]| — M, as |A6;] — oo, (30)

which regularizes the response and avoids nonphysical unlimited moment growth. This
choice was made deliberately to obtain a smooth constitutive model suitable for frame-by-
frame optimization.

The energy associated with joint j was obtained by integrating Equation (28),

which yielded
M2, ki AB;
I1;(A6)) = kyjf In (Cosh (z]wj . (31)

] Yl

The total joint contribution to the objective function was then computed as the sum
over all active joints:

joine = ), T1;(A6;), (32)
jeg
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where [J was the set of seven modeled rotational components.

The joint moment capacities used in the model were selected based on representative
values reported in the biomechanics literature and scaled to reflect relative strength differ-
ences between joints. The adopted values should be interpreted as indicative rather than
subject-specific, as the focus of the study is on the qualitative behavior of the system.

2.7. Yield Criterion and Stiffness Degradation

A key assumption of the present study was that the posture may change when the
rotational demand in a joint approaches its strength limit. Instead of introducing a full
incremental plasticity model with explicit plastic rotations, a simpler but robust mecha-
nism was adopted. Once the moment in a given joint reached a prescribed fraction of its
capacity, the joint was considered yielded and its stiffness was permanently reduced in
subsequent frames.

The yield condition was written as

|Mj] = 1y My, (33)

where 17, € (0,1) is the yield ratio used for numerical stability. After yielding, the active
stiffness was updated according to
ki < kp,;, (34)

where k), ; <k, j, and k, ; denotes the initial elastic stiffness. In the present implementation,
the reduced stiffness k, ; was set to approximately 5-10% of the initial elastic stiffness k, ,
ensuring a significant but numerically stable reduction in joint resistance after yielding.
This mechanism represented a phenomenological softening of the joint once its me-
chanical limit was reached. Although simplified, it was sufficient to investigate how
strength limitations may altered the squat posture under increasing external load.

2.8. External Loading from the Barbell

The external load was represented by a barbell of mass m;, assumed to act vertically
downward through the shoulders. The total barbell weight was

Wy = mpg, (35)

where g is gravitational acceleration. In the present formulation, the barbell load was
distributed equally between the left and right shoulder points. Since the model was formu-
lated through an energy-based objective, the gravitational contribution was introduced as
the potential of the external forces:

1 1
Tlext = EWb zg, + EW;, ZSp s (36)

where zg, and zg, are the vertical coordinates of the left and right shoulders. This term
drove the mechanically corrected posture toward lower potential energy while competing
with the reference-motion tracking and the resistance of the joints.

2.9. Tracking Term and Total Objective Function

The mechanically corrected squat was assumed to remain close to the intended kine-
matic motion. This was enforced through a quadratic tracking term:

irack = % (q - qref) TKtrack (q - qref) 7 (37)
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where q™ is the generalized-coordinate vector obtained from the reference motion and
Kirack is a diagonal matrix controlling the resistance to deviations in the pelvis position and
upper-body orientation.

The total objective function minimized in each frame was finally written as

H(q) = Hirack + IIjoin’f + Ilext. (38)

The minimization of Equation (38) yielded the mechanically admissible posture that
best balanced three effects: similarity to the intended movement, resistance of the joints to
rotation, and the tendency of the loaded system to lower its gravitational potential.

2.10. Feasibility Constraints

The optimization problem was solved subject to kinematic reachability constraints
for both legs. In particular, the hip-to-ankle distance in each local leg plane had to remain
within the range defined by the segment lengths. This requirement was already introduced
in Equation (14), but in the numerical algorithm, it acted as a nonlinear feasibility condition
that excluded configurations incompatible with the geometry of the thigh—-shank system.

Bounds were also imposed on the generalized coordinates to prevent nonphysical
corrections of the pelvis position and upper-body orientation. These bounds do not pre-
scribe the motion; rather, they define a mechanically meaningful search domain for the
optimization algorithm.

2.11. Frame-by-Frame Correction Algorithm

The optimization problem was solved using a gradient-based nonlinear solver (fmin-
con, Sequential Quadratic Programming). The objective function combined tracking, joint
energy, and gravitational contributions. Convergence was achieved when the relative
change in the objective function between iterations fell below 10~%. Bounds on the general-
ized coordinates were imposed to ensure physically admissible configurations.

The correction procedure was performed sequentially over the entire squat trajectory.
For each frame 1, a reference state q"*f was known from the kinematic generator. The

n
corrected generalized coordinates q,, were obtained by solving

q, = arg mqin I1(q) (39)

subject to the reachability constraints discussed above. The solution from the previous
frame was used as the initial guess for the current frame, which improves continuity and
numerical robustness. After the corrected posture was found, the joint moments were
evaluated from Equation (28), the yield condition in Equation (33) was checked, and the
active stiffnesses were updated according to Equation (34) if necessary. The resulting state
then became the starting point for the next frame.

This procedure produced a corrected squat motion in which the body configuration
adapted to both external load and joint strength limitations. As a consequence, the model
could predict posterior displacement of the pelvis, increased torso inclination, or redistri-
bution of rotational demand between the ankle, knee, hip, and torso as the barbell load
increased or as the capacity of one of the joints was reduced.

Importantly, posture adaptation was not prescribed explicitly. Instead, it emerged
naturally from the optimization process as a result of competing effects between trajectory
tracking, joint moment limitations, and external loading.
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2.12. Scope of the Present Formulation

The proposed model was intentionally kept at an intermediate level of complexity.
It was more mechanically informative than a purely kinematic squat generator, but less
elaborated than a full three-dimensional musculoskeletal model with inverse dynamics,
muscle actuation, and deformable soft tissues. In particular, body segments were treated as
rigid, the feet were fixed, and the dominant mechanical nonlinearity was concentrated in
the joints. This choice was made to focus the analysis on posture correction driven by joint
moment capacity, which was the central theme of the present study.

It should be noted that the present model does not explicitly include body mass or
segment inertial properties. The mechanical response is driven solely by external loading
(barbell weight) and joint moment capacity constraints. As a result, joint moments are
reported in absolute terms (Nm) and are not normalized with respect to body mass. This
modeling choice was made intentionally, as the objective of the study is to investigate
relative changes in posture and load redistribution mechanisms rather than to reproduce
subject-specific dynamic responses.

Consequently, the model should be interpreted as a comparative framework for
analyzing load-dependent adaptations, rather than a predictive tool for absolute joint
loading in a specific individual. No experimental motion capture data were used in this
study. The objective was to develop and analyze a purely computational framework capable
of predicting mechanically admissible posture adaptations under load.

3. Results

The simulations were performed for a representative virtual subject with body pro-
portions corresponding to an adult male of approximately 1.80 m in height. The segment
dimensions and relative proportions were consistent with the parameters listed in Table 1
and were selected to ensure realistic squat kinematics. The selected load levels were chosen
to represent a realistic range of resistance training conditions, from bodyweight movement
to moderately heavy and near-maximal loads typically encountered in practice.

Table 1. Anthropometric and mechanical parameters used in the numerical simulations.

Parameter Value Unit !
L_shank 0.45 m
L_thigh 0.45 m
L_torso 0.60 m

pelvis_width 0.28 m
shoulder_width 0.38 m
foot_length 0.24 m
heel_back 0.04 m
leg_clearance 0.02 m
pelvis_drop_max 0.60 m
pelvis_backshift_max 0.18 m
torso_pitch_max 30.0 deg
pelvis_yaw_max 10.0 deg
pelvis_tilt_x_max 10.0 deg
footYawL 15.0 deg
footYawR -15.0 deg
nSteps 40 -
profile smoothstep -

1 All parameters are expressed in SI units unless otherwise stated.

The results presented in this section illustrate how squat posture and joint mechanical
demand evolve as the external barbell load increases. All simulations were performed using
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the computational framework described in Section 2. The reference squat trajectory was
kept identical for all cases, while the barbell mass was varied to investigate the resulting
mechanical adaptation of the motion.

Four loading conditions were analyzed: bodyweight squat (0 kg external load) and
squats with barbell masses of 60 kg, 100 kg, and 140 kg. These values cover a typical
range encountered in recreational and strength-oriented resistance training. The numerical
simulations produced corrected squat trajectories for each loading condition together with
the corresponding joint moment histories.

The geometric and mechanical parameters used in the simulations are summarized
in Table 1. The table collects all quantities defining the anthropometric proportions of the
model, the kinematic description of the motion, and the mechanical properties of the joint
model, ensuring full reproducibility of the computational framework.

The geometric parameters include the segment lengths corresponding to the shank,
thigh, and torso, as well as characteristic widths of the pelvis and shoulders. In addition,
the dimensions of the feet and their initial spatial configuration are specified, including
the position of the ankle joints and the orientation of the feet in the horizontal plane.
These quantities define the global geometry of the articulated system and determine the
feasible range of motion through geometric compatibility constraints imposed on the
lower-limb mechanism.

The kinematic parameters describe the prescribed reference motion of the squat. These
include the maximum vertical displacement of the pelvis, its backward shift, and the ampli-
tudes of rotational components such as pelvic yaw, pelvic tilt, and torso inclination. The
motion is discretized into a finite number of frames and generated using a smooth interpo-
lation profile, which ensures continuous evolution of all kinematic variables throughout
the squat cycle. Together, these parameters define the reference trajectory that serves as the
baseline for further mechanical correction.

The mechanical parameters govern the behavior of the joints and their response to
external loading. Each joint is characterized by an elastic stiffness, a reduced post-yield
stiffness, and a yield moment defining the onset of mechanical limitation. In the present
formulation, body segments are treated as rigid kinematic links and do not possess material
properties such as stiffness or elasticity. Mechanical behavior is assigned exclusively to
the joints through nonlinear moment-rotation relationships. Consequently, no material
parameters (e.g., Young’s modulus) are required for the body segments. This formulation
enables a smooth transition from elastic- to plastic-like behavior, allowing the model to
capture progressive joint saturation without introducing discontinuities. Additionally, the
weighting coefficients used in the objective function are specified, controlling the balance
between trajectory tracking and mechanical admissibility during the optimization process.

Finally, parameters related to external loading, in particular the barbell mass and
gravitational acceleration, are specified for the analyzed loading cases. The barbell mass is
varied across the analyzed loading cases (0, 60, 100, and 140 kg), while the gravitational
acceleration is assumed to be constant and equal to g = 9.81 m/s?. These quantities directly
influence the load-dependent adaptation of the squat motion analyzed in the subsequent
sections.

The resulting squat postures predicted by the model for the analyzed loading con-
ditions are shown in Figure 2. The figure presents selected frames of the squat cycle
corresponding to the upright position, mid-descent, and the deepest squat configuration.
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Figure 2. Predicted squat postures for different barbell loads. The figure shows representative frames
of the squat cycle for external loads of 0 kg, 60 kg, 100 kg, and 140 kg. Increasing load leads to visible
changes in pelvis position and torso inclination.

The results indicate that the corrected squat posture changes systematically as the
external load increases. In particular, heavier loads lead to a more pronounced posterior
displacement of the pelvis combined with increased forward inclination of the torso. These
adjustments reduce the mechanical demand in the knee joint while transferring part of the
rotational load toward the hip joint.

The evolution of the pelvis center during the squat cycle is presented in Figure 3. The
figure shows the horizontal and vertical displacement of the pelvis as functions of the
normalized motion parameter s.
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Figure 3. Pelvis trajectory during the squat motion for different barbell loads. The horizontal
displacement increases with load, indicating a progressive posterior shift in the pelvis.

The vertical pelvis displacement remains nearly identical for all cases because the
depth of the squat is controlled by the reference motion. In contrast, the horizontal displace-
ment exhibits a clear dependence on the applied load. Larger loads require the pelvis to
move further backward in order to maintain mechanical equilibrium and reduce excessive
knee moments.

A similar trend can be observed in the torso orientation. Figure 4 presents the evolution
of the torso pitch angle throughout the squat cycle for the considered loading conditions.

45 T T T T T . :

40 +

35

30

25

20 +

15

Torso pitch [deg]

10 |

L L L

5 . . . .
0 5 10 15 20 25 30 35 40
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Figure 4. Torso inclination during the squat motion for different barbell loads. Increasing external
load leads to greater forward torso inclination, particularly in deeper squat positions.
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The predicted increase in torso inclination represents a mechanically intuitive strategy
for accommodating higher loads. By leaning forward, the system effectively shifts part of
the moment demand from the knee to the hip joint. This behavior is consistent with com-
monly observed differences between knee-dominant and hip-dominant squat techniques.

The redistribution of mechanical demand between joints can be further examined
through the predicted joint moments. Figure 5 presents the evolution of ankle, knee, hip,
and torso moments acting about the medio-lateral axis, i.e., corresponding to flexion—
extension in the sagittal plane.

Knee moments
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Figure 5. Joint moment histories predicted for different barbell loads. The results are shown for ankle,
knee, hip, and torso joints as functions of the normalized squat parameter s.

The results indicate that the knee and hip joints experience the largest increase in mo-
ment demand as the external load increases. However, the relative growth of hip moment
is significantly larger than that of the knee. This suggests that the system redistributes the
load toward the hip joint as the barbell mass increases.

To visualize this redistribution more clearly, the maximum joint moments observed
during the squat cycle are summarized in Table 2.

The values reported in Table 2 confirm that hip moment increases more rapidly than
knee moment as the load grows. This effect reflects the mechanical role of the hip joint as
the primary contributor to lifting heavier loads in squat movements.

Another useful representation of the mechanical state of the system is provided by
the joint utilization ratio, defined as the ratio between the current joint moment and its
corresponding capacity. Figure 6 presents the distribution of joint utilization across the
squat cycle for the highest load case.
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Table 2. Maximum joint moments during the squat cycle for different barbell loads.

Metric 0kg 60 kg 100 kg 140 kg

Max pelvis backshift [m] 0.18 0.175 0.170 0.166
Max pelvis drop [m] 0.60 0.60 0.60 0.60
Max torso pitch [deg] 30 34 39 45
Peak knee moment [Nm] 85 130 175 220
Peak hip moment [Nm] 95 150 210 270
Peak torso moment [Nm] 60 110 160 220
Max utilization ! [-] 0.45 0.68 0.88 1.05

ankleL

kneelL
. hipL
c
‘5 ankleR
k]

kneeR
hipR
torso

! Values of joint utilization greater than unity indicate that the corresponding joint has exceeded its nominal
moment capacity and entered a yielding regime.

0 kg

100 kg

ankleL
0.8 kneeL 0.8
08  hipb 0.6
‘5 ankleR
04 - kneeR 04
0.2 hipR 0.2
0 torso 0
1 1
ankleL
08 kneel 08
0.6 = hipL 06
04 '_53 ankleR 04
kneeR ’
0.2 hipR 0.2
0 torso o
20 25 30 35 40
Frame Frame

Figure 6. Joint utilization map for the squat motion with a barbell load of 140 kg. Colors represent
the ratio between the predicted joint moment and the corresponding moment capacity.

The utilization map shows that the knee and hip joints operate closest to their mechan-
ical limits in the deepest phase of the squat. In contrast, the ankle joint remains significantly
below its capacity throughout the motion. These results indicate that the hip and knee
joints play the dominant role in determining the mechanically feasible squat posture under
heavy loading.

To provide a synthetic overview of the system response under increasing external load,
the peak values of selected kinematic and mechanical quantities were extracted for each
loading case. These include maximum pelvis backshift, peak torso inclination, characteristic
joint moments, and overall joint utilization levels. The resulting load—response relationships
are summarized in Figure 7.

Overall, the presented results demonstrate that increasing barbell load leads to sys-
tematic adaptations of squat posture and joint moment distribution. The model predicts
increased torso inclination, posterior displacement of the pelvis, and a progressive shift in
mechanical demand from the knee toward the hip joint. These findings highlight the role
of joint moment capacity as a key mechanical constraint governing squat technique under
external loading.

Overall, the results demonstrate a consistent and mechanically interpretable trend in
which increasing load leads to coordinated changes in posture and joint demand redistribution.
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Figure 7. Peak response measures as functions of barbell mass, including pelvis backshift, torso
inclination, joint moments, and utilization.

4. Discussion

Despite extensive experimental and computational studies on squat biomechanics,
the role of joint moment capacity as a governing constraint in shaping load-dependent
movement strategies remains insufficiently explored. Most existing approaches rely on
inverse dynamics, which evaluate joint moments based on observed motion but do not
explicitly address whether such motion is mechanically admissible under strength limita-
tions. This gap limits the understanding of how squat technique adapts under increasing
external load.

The present study addresses this limitation by introducing a computational framework
that integrates kinematic trajectory generation with joint-level mechanical constraints.
The primary objective was to investigate how joint moment capacity influences posture
adaptation and load redistribution during squat motion under increasing external loading.

The results provide a mechanistic interpretation of how squat posture adapts to
increasing external load when joint moment capacity is treated as an active constraint. By
isolating the effect of load while keeping the reference trajectory fixed, the simulations allow
direct identification of the governing factors responsible for posture modification. In this
context, the observed adaptations should be interpreted as emerging from the interaction
between external loading, geometric constraints, and limited joint strength.
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One of the most consistent observations across all simulated loading conditions is the
progressive posterior displacement of the pelvis combined with increased forward inclina-
tion of the torso. As shown in Figures 2—4, these changes become more pronounced with
increasing barbell mass. From a mechanical perspective, this behavior can be interpreted
as a strategy that redistributes rotational demand from the knee joint toward the hip joint.
When the torso leans forward, the horizontal distance between the barbell and the knee
joint decreases, thereby reducing the knee moment arm. At the same time, the hip moment
arm increases, shifting part of the load toward the hip extensors.

These findings are consistent with experimental observations reported in the biome-
chanics literature, where increased external load is associated with greater trunk inclination
and increased reliance on hip-dominant strategies. Previous studies have shown that
forward lean reduces knee extensor demand while increasing hip moment contribution,
which aligns with the redistribution mechanism predicted by the present model.

This redistribution is clearly visible in the predicted joint moment histories (Figure 5)
and the maximum joint moments summarized in Table 2. While both knee and hip moments
increase with load, the relative growth of hip moment is substantially larger. The model
therefore predicts a transition toward a more hip-dominant squat pattern as the external
load increases. This prediction is consistent with empirical observations reported in strength
training and biomechanical studies, where increased forward trunk inclination and a greater
contribution of the hip extensors are observed with increasing load [12,13,23-25].

Another important result concerns the distribution of joint utilization across the squat
cycle. The utilization map shown in Figure 6 indicates that the knee and hip joints operate
closest to their mechanical limits in the deepest part of the squat. Here, the mechanical limit
is defined in terms of the ratio between the predicted joint moment and its corresponding
moment capacity, as introduced in Section 2.7. This region corresponds to the phase where
joint flexion angles are largest and moment arms are typically unfavorable. In contrast,
the ankle joint remains well below its capacity throughout the movement. This finding
suggests that the mechanical feasibility of the squat posture is primarily governed by the
strength limits of the hip and knee joints rather than the ankle.

From a practical perspective, the proposed framework provides a potential basis for
identifying load thresholds at which technique begins to deteriorate due to mechanical
constraints. In contrast to traditional approaches that define failure based on the inability to
complete a repetition, the present model enables detection of earlier stages at which joints
approach their moment capacity. This may be particularly relevant in strength training and
rehabilitation, where maintaining proper technique is critical for both performance and
injury prevention.

The present results also highlight the importance of considering joint moment capacity
when analyzing squat mechanics. Traditional inverse dynamics approaches compute joint
moments from experimentally measured motion but generally assume that the observed
posture is mechanically feasible. In contrast, the present model allows posture to adapt
dynamically in response to joint strength limitations, which are introduced in a phenomeno-
logical manner through bounded moment-rotation relationships. Such formulations are
commonly used in simplified biomechanical models to represent joint capacity constraints
without explicitly modeling muscle forces [23-25]. As a result, the predicted movement
pattern emerges from the balance between kinematic intent and mechanical constraints.
This perspective provides a complementary approach to understanding how movement
strategies may change under different loading conditions.

Compared to detailed musculoskeletal models, the present approach adopts a reduced-
order representation of the human body, focusing on global posture and joint-level con-
straints rather than explicit muscle activation. While this limits physiological detail, it
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enables clear identification of mechanical drivers of movement adaptation and provides a
computationally efficient alternative for parametric studies.

Despite these insights, several limitations of the current modeling approach should be
acknowledged. The model represents the body as a system of rigid segments connected
by simplified rotational joints, and muscle forces are not modeled explicitly. Furthermore,
the analysis is performed under quasi-static conditions, neglecting inertial effects that
may arise during dynamic lifting. While these simplifications allow efficient numerical
simulation and emphasize the role of geometric and mechanical constraints, they also limit
the ability to capture detailed neuromuscular control strategies.

In addjition, the present study does not include experimental validation of the proposed
model, nor does it assess the repeatability or sensitivity of the numerical predictions. These
aspects should be addressed in future work to evaluate the predictive capability and
robustness of the framework.

Another limitation concerns the symmetric treatment of the lower limbs and the
simplified representation of foot-ground interaction. In real squat movements, small
asymmetries and variations in foot pressure distribution may influence joint loading and
stability. Incorporating more detailed contact mechanics and dynamic ground reaction
forces could provide a more complete description of squat biomechanics.

Despite these limitations, the proposed framework captures the essential interaction
between load, posture, and joint strength constraints. The results demonstrate that even a
simplified mechanical model can reproduce key features of load-dependent squat adapta-
tion, supporting the hypothesis that joint moment capacity plays a central role in shaping
movement strategy. This provides a foundation for further development of predictive
biomechanical models with increased physiological fidelity.

Future work may extend the present framework by incorporating subject-specific
anthropometric data, muscle-driven actuation models, and dynamic analysis of lifting
motions. Such extensions would enable more detailed investigation of performance opti-
mization, injury risk, and individual variability in squat mechanics.

Additionally, the absence of subject-specific calibration and experimental validation
limits the quantitative predictive capability of the model. The results should therefore be
interpreted primarily in terms of qualitative trends rather than exact numerical predictions.

5. Conclusions

This study investigated how squat posture adapts to increasing external load using
a computational framework that integrates kinematic motion generation with moment-
limited joint mechanics. The results show that load-dependent changes in technique arise
naturally from the interaction between external forces, geometric constraints, and finite
joint strength.

The simulations demonstrate that increasing barbell load leads to a systematic redistri-
bution of mechanical demand from the knee toward the hip joint, accompanied by increased
forward torso inclination. These adaptations are not prescribed explicitly, but emerge from
the requirement to maintain mechanical feasibility under joint moment constraints.

From an applied perspective, the proposed framework offers a new way of identifying
load thresholds at which movement patterns begin to deviate from the intended kinematic
trajectory, prior to muscular failure. This may be particularly relevant for strength training
and rehabilitation, where maintaining proper movement patterns is essential for both
performance and injury prevention.

More generally, the results suggest that joint moment capacity acts as a primary
mechanical driver governing load-dependent adaptations in multi-joint movements. In
this context, observed changes in movement strategy can be interpreted as the outcome of

https://doi.org/10.3390 /bioengineering13050485


https://doi.org/10.3390/bioengineering13050485

Bioengineering 2026, 13, 485 20 of 21

the system seeking mechanically admissible configurations under increasing external load.
This perspective provides a generalizable framework for understanding how movement
patterns emerge from the interplay between geometry, loading, and joint-level mechanical
constraints.

Overall, this study highlights joint moment capacity as a key factor governing squat
technique and provides a foundation for predictive modeling of human movement un-
der load.
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