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Abstract

Human squat motion is commonly analyzed using inverse dynamics, where joint moments are
computed from experimentally measured kinematics. Such analyses typically assume that the
observed motion is mechanically feasible and do not explicitly account for limitations of joint moment
capacity. In this study, a computational framework is proposed for the load-constrained
reconstruction of squat motion that integrates kinematic motion generation with a mechanical model
of moment-limited joints. The human body is represented as a multi-segment system consisting of
feet, shanks, thighs, pelvis, and torso. Joint behavior is modeled using nonlinear rotational springs
with bounded moment capacity, allowing elastic response followed by progressive softening when
critical moments are approached. A reference squat trajectory is first generated kinematically, after
which a constrained optimization problem is solved at each motion frame to obtain a mechanically
admissible posture under external loading. The objective function combines trajectory tracking with
joint energy contributions, while gravitational loading from a barbell applied at the shoulders
introduces external work. The formulation enables automatic correction of the reference motion
when joint moment limits are exceeded, resulting in mechanically admissible squat postures.
Numerical examples illustrate the evolution of pelvis trajectory, torso inclination, lower-limb
segment angles, and reconstructed body configurations throughout the squat cycle.

Keywords: human squat biomechanics; joint moment capacity; plastic hinge; motion optimization;
load-constrained human motion; multibody kinematics; nonlinear joint mechanics

1. Introduction

The squat is one of the most widely used multi-joint resistance exercises in both athletic training
and rehabilitation, and has therefore been extensively investigated in the biomechanical literature
[1,2]. As a complex movement involving coordinated interaction of the lower limbs and torso, the
squat requires simultaneous control of multiple joints and segments, allowing for a wide range of
movement strategies depending on technique, load, and individual characteristics [3-5].

Variations in squat technique have been shown to significantly influence kinematics, kinetics,
and muscle activation patterns. In particular, stance width, bar position, and movement strategy
affect joint angles and load distribution across the hip, knee, and ankle joints [6-8]. One of the most
debated aspects of squat mechanics is the anterior displacement of the knee relative to the toes. It is
commonly suggested that limiting forward knee travel reduces knee joint loading while increasing
the contribution of the hip extensors [9]. Experimental studies have confirmed that restricting knee
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displacement leads to a decrease in knee torque accompanied by a substantial increase in hip torque
and modifications in torso inclination [10].

These findings have contributed to the development of distinct squat techniques, including the
traditional squat, powerlifting squat, and box squat, which differ in stance width, hip displacement
strategy, and torso orientation [2,11]. The traditional squat is typically characterized by a narrower
stance and greater anterior knee displacement, resulting in forward movement of the system center
of mass (COM). In contrast, the powerlifting squat and box squat emphasize posterior displacement
of the hips and a more vertical shin position, often producing a posterior shift of the COM and altered
joint loading patterns [2].

Previous experimental studies have demonstrated that such variations in technique lead to
significant differences in joint kinematics and kinetics. Wide-stance squats are associated with
increased hip extension moments and reduced ankle moments, whereas modifications such as the
use of a box alter force-time characteristics and reduce the contribution of the stretch—shortening cycle
[12-14]. Additionally, differences in femur rotation, hip abduction, and coordination patterns have
been linked to variations in muscle activation and joint loading, which may influence both
performance and injury risk [15-17].

The mechanical consequences of squat technique have also been analyzed in relation to joint
loading and injury mechanisms. It has been suggested that combined hip adduction and internal
rotation may increase stress at the knee joint and contribute to injuries such as anterior cruciate
ligament strain or patellofemoral pain syndrome [18,19]. Furthermore, accurate quantification of joint
kinematics and center of mass motion plays a key role in biomechanical analysis, with established
modeling approaches providing the basis for inverse dynamics calculations [20,21].

In addition to internal joint mechanics, the external mechanical stimulus of the squat has been
widely studied through variables such as force, velocity, power, and rate of force development (RFD).
These parameters are commonly used to assess training effectiveness and to optimize loading
conditions in resistance exercises [22-24]. In particular, the ability to generate high power and RFD
has been associated with improved athletic performance, although the relationship between training
methods and long-term adaptations remains complex [25]. The role of musculotendinous stiffness
and its interaction with eccentric—concentric transitions has also been highlighted as an important
factor influencing force production and movement efficiency [26].

Experimental studies comparing different squat techniques have further demonstrated that
variations in execution can significantly affect peak power, ground reaction forces, and movement
velocity, reinforcing the importance of technique selection in strength training practice [27,28].
Moreover, observational studies of elite athletes indicate that training strategies and technique
adaptations are influenced by both performance goals and individual biomechanical constraints [29].
These findings are also reflected in broader training guidelines, which emphasize the importance of
progressive overload and individualized exercise prescription [30].

Despite the substantial body of experimental work, most existing studies rely on inverse
dynamics approaches, in which joint moments are computed from measured kinematics and external
forces. While these methods provide valuable insight into the mechanical consequences of observed
motion, they do not explicitly account for limitations in joint moment capacity and therefore do not
address whether a given movement pattern is mechanically admissible.

From a mechanics perspective, human motion can be interpreted as the result of constraints
imposed by geometry, external loading, and internal strength limits. In this context, joint moment
capacity may act as a governing constraint that shapes movement strategies, particularly under high
external loads. However, this aspect has received limited attention in current biomechanical
modeling of the squat.

The aim of the present study is therefore to develop a computational framework for
reconstructing squat motion under external loading while explicitly accounting for joint moment
capacity. The proposed approach integrates kinematic trajectory generation with a nonlinear
mechanical model of moment-limited joints and a constrained optimization procedure, allowing the
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motion to adapt to mechanical limitations rather than being prescribed a priori. This formulation
provides a complementary perspective to classical inverse dynamics and enables systematic
investigation of load-dependent adaptations in squat technique.

2. Materials and Methods

2.1 Overview of the Computational Framework

The objective of the proposed framework is to compute mechanically admissible squat postures
under external loading while respecting the strength limits of human joints. The approach combines
a kinematic motion generator with a nonlinear mechanical solver that corrects the reference motion
when joint moment capacities are exceeded.

The overall procedure consists of three main stages: (1) generation of a reference squat trajectory
using a kinematic model, (2) reconstruction of body segment positions using inverse kinematics, (3)
mechanical correction of the posture through optimization with nonlinear joint constraints. The
computational workflow is illustrated schematically in Figure 1.

Reference
trajectory

3

Joint model

3

Optimization

\)

Corrected motion

Figure 1. Schematic representation of the proposed computational workflow. The framework combines
reference trajectory generation, geometric reconstruction of the body, nonlinear joint modeling, and constrained

optimization to obtain mechanically admissible squat motion.

The key idea of the method is that the reference trajectory does not necessarily represent a
mechanically feasible posture under external loading. Instead, the final posture is obtained by solving
a constrained optimization problem in which the body configuration adapts to both external forces
and joint moment limits.

2.2 Geometric Model of the Body

The human body is represented as a multi-segment system consisting of rigid links
corresponding to the feet, shanks, thighs, pelvis, and torso. The model distinguishes between the left
and right lower limbs, while the pelvis and shoulders are represented as horizontal connecting
segments.

A global Cartesian coordinate system (X*YZ)is used, where the X-axis denotes the anterior—
posterior direction, the Y-axis the lateral direction, and the Z-axis the vertical direction.

The pelvis center is defined by the coordinates

Xp
Pp = [0 ], 1)

Z.
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and its orientation is described by two rotations: a yaw rotation about the vertical axis and a tilt
rotation about the sagittal axis.
The corresponding rotation matrix is

Rp =R, (lpp)Rx (¢p)/ (2)

where 1, denotes the pelvis yaw and ¢, the pelvis tilt.
The hip joint centers are obtained from the pelvis center and pelvis width b,

b b

Pu, = Pp + fey,p' Pug = Pp — ?pey,pr (3)

where e, ,is the transverse unit vector of the pelvis.
The ankle joints are assumed fixed in space during the squat motion,

pAL = ng' pAR = pgR (4)

2.3 Inverse Kinematics of the Lower Limbs

Each leg is reconstructed independently in a local sagittal plane defined by the foot orientation.
Let Ly and Ly denote the lengths of the shank and thigh, respectively.
The knee position is obtained as the intersection of two circles defined by the segment lengths,

xi +z¢ = L, (5)

(xH —xg)* + (zy — z)? = L, (6)

where (xy,zy) denote the hip coordinates expressed in the local leg plane.
The inverse kinematics solution exists provided that

|Ls —Lf| < fxz, + 25 < Lg+ Ly (7)

This formulation guarantees that the segment lengths remain constant and ensures geometric
compatibility between the pelvis motion and the lower limbs.

2.4 Reference Squat Trajectory

A reference squat motion is generated using a parametric trajectory defined by a normalized
motion parameter s € [0,1]. The parameter s = 0 corresponds to the initial upright posture, while
s = 1 represents the deepest squat position.

To ensure smooth motion, the profile function

f(s) = 352 — 2s3, (8)

is used.
The reference pelvis motion is then defined as

x5°(s) = xpo — Dxp f(5), )

25°1(5) = zp0 — D2, f (5), (10)

while the rotations evolve according to

5 (5) = Ymaxf (), (11)
G5 (5) = Pmaxf (5), (12)
61°1(5) = Ot maxf (5), (13)

where the parameters Ax,, Az,, Ymax, Pmax, and O, max define the amplitude of the squat motion.
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2.5 Nonlinear Joint Model

The joints are represented using nonlinear rotational elements with bounded moment capacity.
Let Af; denote the deviation of a joint angle from its reference value,

A6; = 6; — 6]°". (14)
The moment generated in joint j is described by the relation
kjA8;
M] = My‘]tanh (ﬁ), (15)

where k; is the rotational stiffness and M, ; is the maximum moment capacity.

This formulation approximates linear elastic behavior for small rotations while smoothly
limiting the moment as the joint approaches its strength capacity.

The associated energy stored in the joint is obtained by integrating Eq. (15),

M2, k:AG;
II; = %ln <cosh < 1(/1 J)) (16)

j v.J

2.6 External Loading

The external load is represented by a barbell of mass m,, acting vertically at the shoulder joints.
The total barbell weight is

Wb = mbg, (17)

where g is gravitational acceleration.
Assuming equal load distribution between the shoulders, the gravitational potential energy
contribution becomes

1 1
Hext = EWbZSL + EWbZSR' (18)

2.7 Optimization Problem
The mechanically admissible posture is obtained by minimizing the total energy functional
[(q) = Myraek + Moine + Mext, (19)
where the tracking term penalizes deviations from the reference trajectory,
Merace = 5 (@ = 4N Kirack(q — 7). (20)
The optimization problem solved at each frame is therefore
q=arg mgn I(q), (21)

subject to the geometric feasibility constraints of the lower limbs.

2.8 Numerical Implementation

The optimization problem is solved sequentially for each frame of the squat trajectory using a
nonlinear constrained optimization algorithm. The solution obtained for the previous frame serves
as the initial guess for the next frame, which improves convergence and ensures temporal continuity
of the motion. The numerical procedure follows a continuation strategy along the motion parameter,
allowing the solver to progressively adapt the configuration while maintaining geometric
compatibility of the lower limbs.

After the corrected posture is determined, the joint moments are evaluated and compared with
their respective capacities. If the moment in a given joint approaches the critical value, the joint
stiffness is reduced in subsequent frames to represent progressive mechanical softening. This
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mechanism enables the model to capture the gradual redistribution of rotational demand between
joints when local strength limits are approached.

The complete computational workflow, including the generation of the reference trajectory,
reconstruction of body geometry, inverse kinematics of the lower limbs, nonlinear evaluation of joint
moments, and sequential stiffness updates, is summarized in the form of detailed pseudocode in
Appendix A. The presented algorithms clarify the interaction between the kinematic motion
generator and the mechanical correction procedure used to obtain the final squat motion.

This frame-by-frame correction procedure produces a squat motion that satisfies both the
kinematic constraints of the body segments and the mechanical limitations of the joints.

3. Results

The numerical results presented in this section illustrate the kinematic behavior of the proposed
computational framework and demonstrate how the reconstructed squat motion evolves along the
prescribed movement path. The results are organized to highlight four aspects of the analysis: the
reference trajectory of the pelvis and torso, the evolution of three-dimensional body configurations,
the angular histories of the main body segments, and the geometric consistency of the reconstructed
motion assessed through left-right spacing, sagittal posture overlays, and trajectories of selected
anatomical points.

The reference squat trajectory generated by the kinematic motion driver defines the intended
movement of the pelvis and torso during the squat. Figure 2 presents the evolution of the pelvis
center coordinates and the torso pitch angle along the normalized motion parameter s. The trajectory
represents a typical squat pattern characterized by a gradual vertical descent of the pelvis combined
with a posterior displacement and increasing torso inclination.

Mouws|Iseq wojpou bsiswegel’ 2
0 04 035 03 0 0 oe 0\ 0’8 08 1
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\ \ \
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Figure 2. Evolution of pelvis kinematics and torso orientation during the squat motion: (a) horizontal
displacement of the pelvis center x,, (b) vertical displacement of the pelvis center z,, (c) torso pitch angle. All

quantities are shown as functions of the normalized motion parameter s.

The generated trajectory provides the input configuration for the mechanical solver. However,
because the reference motion is constructed purely kinematically, it does not necessarily satisfy the
mechanical constraints imposed by joint moment capacity when external loads are applied. The role
of the optimization procedure introduced in Section 2 is therefore to compute a mechanically
admissible posture that remains close to the reference trajectory while respecting the nonlinear joint
model.

Figure 3 presents selected three-dimensional body configurations at representative stages of the
squat cycle. The reconstructed poses show the progressive descent of the pelvis, increasing flexion of
the lower limbs, and gradual forward rotation of the torso as the motion parameter increases from
the upright configuration to the deepest squat position. The sequence confirms that the adopted
geometric reconstruction remains continuous and anatomically interpretable throughout the
movement.

Z|m]

X [m] ' Y [m]

Figure 3. Selected three-dimensional body configurations at representative stages of the squat cycle. Individual
configurations correspond to increasing values of the motion parameter s, from initial standing posture to

maximum squat depth.

The reconstructed motion remains smooth in the initial stages of the squat and becomes
progressively more pronounced with increasing squat depth. This behavior is reflected in the gradual
displacement of the pelvis and the increasing torso inclination visible in Figure 3. To quantify these
kinematic changes, Figure 4 presents the angular histories of the torso, pelvis, and lower-limb
segments. The results show monotonic and continuous evolution of the main angular measures, with
similar trends observed for the left and right limbs, which indicates stable and symmetric
reconstruction of the motion.
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The angular histories shown in Figure 4 indicate that torso pitch and pelvis tilt increase
progressively throughout the squat, while the shank and thigh angles evolve smoothly and without
abrupt changes. The left and right lower limbs exhibit nearly identical trends, which is consistent
with the symmetric formulation adopted in the model. From a kinematic perspective, these results
confirm that the generated motion preserves continuity and avoids spurious frame-to-frame
oscillations.

An alternative way to assess the reconstructed motion is through the evolution of left-right
geometric spacing between corresponding anatomical points. Figure 5 shows the distances between
the hip, knee, ankle, and shoulder pairs as functions of the motion parameter s. The nearly constant
shoulder, hip, and ankle spacing confirms the preservation of the prescribed segment geometry,
while the variation in knee spacing reflects the changing relative configuration of the lower limbs
during descent and ascent within the symmetric squat pattern.

Torso and pelvis rotations
T T

30 ‘ T
e tOr$OPitCh
pelvisYaw
pelvisTiltX
@20 =
[}
=
@
2
< 10—
0 | | | | | |
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Figure 4. Angular histories of the main body segments: (a) torso pitch and pelvis rotations, (b) left lower limb
segment angles (shank and thigh), (c) right lower limb segment angles (shank and thigh). Angles are plotted as

functions of the normalized motion parameter s.

The framework is formulated in a way that allows investigation of how squat posture may
change when mechanical properties of the joints are modified. In the present study, however, the
focus is placed on the kinematic reconstruction of the motion for a representative set of model
parameters. Table 1 summarizes the key anthropometric and geometric parameters used in the
numerical simulations. These values define the characteristic dimensions of the reconstructed body
model and provide the geometric basis for inverse kinematics and posture visualization.
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Figure 5. Evolution of left-right spatial relationships between corresponding anatomical points. Distances

between hip, knee, ankle, and shoulder joints are shown as functions of the motion parameter s.

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

Parameter Description Value
L shank length 0.45m
Le thigh length 0.45m
L, torso length 0.60 m
b, pelvis width 0.28m
by shoulder width 0.38 m

In addition to geometric parameters, the nonlinear joint model requires specification of
rotational stiffness and moment capacity for each joint. These values determine the resistance of the
system to deviations from the reference motion and therefore play a central role in the mechanical
correction process.

To illustrate the evolution of body posture in the sagittal plane, selected motion states are shown
in Figure 6 for increasing values of the motion parameter. This representation highlights the
progression of pelvis descent, knee flexion, and torso inclination in a compact form and facilitates
direct visual comparison between different phases of the squat.
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Figure 6. Sagittal-plane body configurations at selected stages of the squat motion: (a) s = 0.0, (b) s = 0.2, ()
s=04,(d) s =06, (e) s~ 0.8, (f) s = 1.0. The projection onto the x-zplane highlights the evolution of posture,

including pelvis displacement, knee flexion, and torso inclination.
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Figure 7. Sagittal trajectories of key anatomical points during the squat motion. The paths of the pelvis center,

hip, knee, ankle, and shoulder are shown in the x—z plane.

The sagittal overlays indicate a gradual posterior shift of the pelvis combined with increasing
knee flexion and forward rotation of the torso as squat depth increases. This pattern is mechanically
plausible and reflects a coordinated reorganization of segment orientation required to maintain the
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overall body configuration during deep squatting. The smooth transition between successive poses
further supports the numerical stability of the reconstruction procedure.

Finally, the sagittal trajectories of selected anatomical points are summarized in Figure 7. The
plotted paths of the pelvis center, hip, knee, ankle, and shoulder provide a compact representation of
the overall movement geometry and reveal the relative displacement of the main landmarks during
the squat cycle.

The trajectories shown in Figure 7 confirm that the ankle remains effectively fixed, while the
pelvis center and hip follow a descending and slightly posterior path, and the shoulder trajectory
reflects the progressive forward inclination of the upper body. Taken together, the presented results
demonstrate that the proposed framework is capable of reconstructing smooth and mechanically
interpretable squat motion while preserving geometric consistency and bilateral symmetry. The
adopted visualization set provides a coherent description of the reconstructed kinematics and
supports further development toward more advanced mechanically enriched analyses.

4. Discussion

The results presented in Section 3 demonstrate that the proposed computational framework
provides a consistent method for reconstructing mechanically admissible squat motion under
external loading while accounting for joint moment capacity. The key feature of the method is the
integration of a kinematic motion generator with a nonlinear mechanical correction step, allowing
the body posture to adapt to strength limitations without explicitly prescribing the final
configuration.

One of the main observations is that the reconstructed motion evolves smoothly from the upright
posture to the deepest squat position while preserving geometric consistency of the body segments.
The progressive posterior displacement of the pelvis and the increase in torso inclination observed in
Figures 2, 3, 6, and 7 are consistent with the structure of the optimization problem formulated in Eq.
(21), in which the tracking term promotes similarity to the reference trajectory while the mechanical
terms penalize unfavorable configurations. As squat depth increases, the solver gradually adjusts the
posture rather than producing abrupt changes, which confirms the robustness of the sequential
continuation strategy.

The reconstructed kinematic patterns follow trends that are consistent with general
biomechanical expectations for squat motion. In particular, the results show gradual pelvis descent,
increasing torso inclination, and coordinated evolution of shank and thigh angles, with very similar
histories on the left and right sides. This is qualitatively consistent with experimental observations
reported in the literature, where squat depth is accompanied by increased trunk inclination and
coordinated flexion of the lower-limb segments [2,4,5]. Moreover, the progressive posterior
displacement of the pelvis observed in the present model is compatible with descriptions of squat
strategies that emphasize “sitting back” and controlled hip-dominant motion [2,8,10].

An important advantage of the proposed formulation is the use of a bounded nonlinear joint
model defined in Eq. (15). Unlike purely linear rotational springs, the adopted formulation introduces
a natural limit on the achievable joint moments while maintaining smooth behavior suitable for
gradient-based optimization. This approach avoids numerical instabilities that may arise when
moment limits are imposed through hard constraints and instead allows the solver to approach joint
capacity gradually. The resulting moment-rotation relation approximates elastic behavior for small
deviations and transitions smoothly toward a saturated response as the moment capacity is
approached. From a computational standpoint, this smooth formulation significantly improves the
robustness of the optimization procedure.

Another noteworthy aspect of the model is that the bounded nonlinear joint formulation allows
posture correction to remain smooth even when the configuration departs progressively from the
reference motion. Although the present set of figures focuses on kinematic observables rather than
explicit joint moment histories, the reconstructed postures indicate that the framework can
accommodate increasing geometric demand without loss of continuity. From a computational
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standpoint, this is an important advantage because it enables stable frame-by-frame solution of the
squat motion and provides a suitable basis for future extension toward full mechanically enriched
output fields.

The proposed method differs conceptually from traditional inverse dynamics approaches
commonly used in biomechanics. In inverse dynamics, joint moments are computed from
experimentally measured motion, and the resulting loads are interpreted as consequences of the
observed movement. In contrast, the present formulation treats joint moment capacity as a constraint
that can influence the motion itself. In this sense, the model operates in a complementary direction:
instead of asking which joint moments correspond to a given motion, it investigates which motions
remain mechanically admissible under specified joint strength limits and external loads. This
perspective allows exploration of how movement strategies may adapt to mechanical constraints.

It should be emphasized that the current model intentionally focuses on the dominant
mechanical aspects of the squat and therefore adopts several simplifying assumptions. The body
segments are treated as rigid links, the feet remain fixed relative to the ground, and muscle forces are
not modeled explicitly. Furthermore, the lateral motion of the pelvis is neglected, which effectively
constrains the movement to a symmetric configuration. These assumptions reduce the complexity of
the model and allow efficient numerical optimization, but they also limit the ability to represent
certain aspects of human movement such as asymmetry, balance control, or detailed neuromuscular
coordination.

Despite these simplifications, the model provides useful insight into the mechanical interplay
between body geometry, joint capacity, and external load. The framework captures the essential
mechanism by which posture adjustments can reduce excessive joint moments, thereby maintaining
mechanically feasible configurations. This capability suggests that the method could be extended to
investigate a variety of human movement scenarios in which joint strength or mechanical limits play
a significant role.

Several directions for future work can be identified. First, the model could be extended to
include body segment masses and inertial effects, enabling the analysis of dynamic movements rather
than quasi-static configurations. Second, introducing explicit contact mechanics between the foot and
the ground would allow investigation of balance and center-of-pressure behavior during the squat.
Finally, incorporating subject-specific anthropometric parameters and experimentally measured
motion trajectories could provide a pathway toward personalized biomechanical analysis.

Overall, the results demonstrate that the proposed optimization-based framework provides a
robust and computationally efficient tool for studying mechanically constrained human motion. By
explicitly linking posture adaptation with joint moment capacity, the method offers a new
perspective on the mechanical determinants of squat technique and provides a foundation for further
developments in computational biomechanics.

5. Conclusions

This study presented a computational framework for reconstructing mechanically admissible
squat motion under external loading while explicitly accounting for limitations of joint moment
capacity. The proposed approach combines a kinematic motion generator, geometric reconstruction
of body segments, and a nonlinear optimization procedure that corrects the reference motion
according to joint mechanical constraints and external forces.

The human body was represented as a multi-segment rigid system consisting of the feet, shanks,
thighs, pelvis, and torso. Joint behavior was modeled using nonlinear rotational elements with
bounded moment capacity, enabling a smooth transition from elastic response to a saturated moment
regime as joint limits are approached. The resulting formulation allowed the mechanically corrected
posture to emerge from the balance between trajectory tracking, joint resistance, and gravitational
loading.

The numerical results demonstrated that the proposed method can successfully reconstruct
squat motion while maintaining compatibility with geometric and kinematic constraints. The
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framework produced smooth evolution of pelvis position, torso inclination, and lower-limb segment
angles throughout the squat cycle. The reconstructed body configurations, sagittal overlays, and
anatomical trajectories confirmed the continuity, symmetry, and interpretability of the generated
motion.

From a methodological perspective, the main advantage of the proposed formulation lies in the
integration of motion reconstruction and mechanical constraints within a single optimization
framework. Unlike conventional inverse dynamics approaches, which compute joint moments from
a prescribed motion, the present method allows the motion itself to adapt in response to mechanical
limitations. This provides a complementary perspective for analyzing human movement under
strength constraints.

Although the current model adopts several simplifying assumptions, including rigid body
segments, fixed foot contact, and quasi-static conditions, it captures the essential mechanical
mechanisms governing posture adaptation during the squat. These simplifications enable efficient
numerical implementation while preserving the ability to analyze the influence of joint moment
capacity on movement patterns.

Future work will focus on extending the framework to dynamic motion analysis, incorporating
subject-specific anthropometric data, and introducing more detailed representations of ground
contact and musculoskeletal actuation. Such developments may broaden the applicability of the
method to a wider range of human movement analyses and support the use of computational models
in biomechanics, sports science, and human-centered engineering design.
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Appendix A
This appendix summarizes the numerical procedure used to compute the mechanically admissible squat
motion described in this study. The algorithm integrates the following components:
. generation of a reference squat trajectory,
e  geometric reconstruction of the body segments,
. inverse kinematics of the lower limbs,
e  evaluation of nonlinear joint moments,
. frame-by-frame mechanical correction using constrained
optimization,
e  progressive update of joint mechanical properties when
moment limits are exceeded.

The algorithm operates sequentially along the squat trajectory, which is discretized into a series of frames.

Appendix A.1. Main Computational Workflow
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INPUT

Anthropometric parameters

. L_shank, L_thigh, L_torso
e pelvis_width
. shoulder_width

Initial configuration ‘

. ankle positions A4;, Ag

e initial pelvis coordinates

Motion parameters ‘

e  pelvis_drop_max

. pelvis_backshift_max
. pelvis_yaw_max

. pelvis_tilt_max

. torso_pitch_max

. number of frames N

Mechanical parameters

. barbell mass m,,

e  gravitational acceleration g
e  joint stiffness k;

e  joint moment capacities M, ;

. tracking stiffness matrix Kypqck

OUTPUT

. reference trajectory qref(n)

. corrected trajectory qcorr(1)

. reconstructed poses posecorr (1)
. joint moments M;(n)

. joint utilization ratios

PROCEDURE

Initialize anthropometric parameters and mechanical parameters.

1.  Compute a feasible initial pelvis height from the lower limb

geometry.

2. Generate the reference squat trajectory gree(n) for all

frames.
3. Initialize joint state variables (elastic stiffness, yielding
flags).
4.  Foreach frame n =1...N perform:
a.  Set current reference configuration qref = qref(1)
b.  Select initial guess for optimization
i. first frame — qyef
ii. otherwise — previous corrected solution
c.  Solve the mechanical correction problem

d. Reconstruct the corrected body pose

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1971.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 March 2026

doi:10.20944/preprints202603.1971.v1

e.  Compute joint angles and joint moments

f.  Evaluate joint utilization ratios

g.  Update joint stiffness if yielding condition is reached
5. Store all results for post-processing.

Algorithm A2. Generation of Reference Squat Trajectory

INPUT

e initial pelvis position (x,0,2p0)
e motion amplitudes (4x,,4z,)
¢  maximum pelvis rotations

e  maximum torso rotation

. number of frames N

PROCEDURE

For each frame n=1...N

Compute normalized motion parameter
s=n-1)/(N—-1).
Evaluate motion profile function
f =3s*-2s5%
Compute pelvis coordinates
xp(n) = Xpo — Axp -f,
Zp(n) = zpo — 4z, - f.
Compute pelvis rotations
lpp(n) = Ymax " [
(pp(n) = Pmax * f-
Compute torso rotation
0:(n) = O max - f-
Assemble generalized coordinate vector
Gret(m) = [x,(n), 2,(M), Y, (M), @, (), B, ()]

OUTPUT

Reference trajectory qres(n)

Algorithm A3. Reconstruction of Body Geometry

INPUT

e  generalized coordinates q
. anthropometric parameters

. fixed ankle positions

PROCEDURE

Extract coordinates

Xp» Zp) Yp, Pp, O

15 of 20
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Compute pelvis center
P = (%, 0.7).
Compute pelvis rotation matrix
R, = RZ(‘/’p) ) Rx(‘l’p)-
Determine pelvis transverse direction
ey =R, - (0,1,0).
Compute hip positions
PuL = pp + (pelvis_width/2) - e,,
Pur = Pp — (pelvis_width/2) - e,,.
Use fixed ankle coordinates
PaL = AL
Par = Ag.
Reconstruct torso orientation
Compute shoulder center
Ds = Pp + Liorso  direction_torso.
Compute left and right shoulder positions

Determine toe and heel points from ankle and foot orientation

OUTPUT

Complete body pose

Algorithm A4. Inverse Kinematics of One Leg

INPUT

. hip position py
e  ankle position py4
o thighlength Lyyign

e  shank length Lgpank

PROCEDURE

Compute hip coordinates relative to ankle

Xy = projection along sagittal direction
zy = vertical coordinate difference
Compute hip-ankle distance

d=@i+ z3).

Check geometric feasibility

|Lthigh - Lshankl <d=< Lthigh + Lshank~

Solve intersection of two circles

circle 1: center at ankle, radius Lgpank

circle 2: center at hip, radius Lnigh
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Select physically consistent knee solution

Compute shank and thigh angles

OUTPUT

. knee coordinates
. thigh angle

e  shank angle

Algorithm A5. Computation of Joint Moments

INPUT

e  current joint angles
e  reference joint angles
e  stiffness parameters

e moment capacities

PROCEDURE

For each joint j
Compute angular deviation
= £
46; = 6; — 6%
Compute nonlinear joint moment
M; = My, - tanh((k; - 46;)/ My, ;).
Compute utilization ratio

uj = | M|/ My,

OUTPUT

Joint moments and utilization ratios

Algorithm A6. Mechanical Correction in One Frame

INPUT

. reference coordinates qf
e  previous corrected coordinates
. anthropometric parameters

. mechanical parameters

PROCEDURE

Select initial guess

Define objective function

M(q) = Mirack + l-[joint + Meye-

Define geometric constraints

e  lower limb reachability
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. coordinate bounds

Solve constrained optimization problem
Qeorr = arg min 11(q).

Reconstruct corrected body configuration

Compute joint angles and moments

OUTPUT

Corrected coordinates qcorr and joint state

Algorithm A7. Joint Yielding Update

INPUT

e  currentjoint moments
. joint capacities

. yield threshold

PROCEDURE

For each joint j

if |[M;| =, - M, j, then

* mark joint as yielded

* reduce active stiffness

| ouTPUT

Updated joint stiffness parameters

Algorithm A8. Sequential Solution Along the Motion

| INPUT |

Reference trajectory qrer(n)

PROCEDURE ‘
for n=1...N

Perform mechanical correction for frame n
Update joint moments and stiffness
Store corrected configuration

Use current solution as initial guess for next frame

OUTPUT

. corrected motion trajectory
¢  joint moment histories
e  joint utilization maps

Remark: The presented algorithm describes the computational procedure used to obtain the results
reported in this study. The modular structure of the framework allows straightforward extensions, such as the

inclusion of dynamic effects, subject-specific anthropometric data, or more advanced joint constitutive models.
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