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Featured Application

One potential application of this work is in the design and optimization of assistive tech-
nologies such as lower-limb exoskeletons and rehabilitation devices. By predicting how
joint torques, trunk motion, and ground reaction forces change with seat height, move-
ment speed, and reduced joint strength, the proposed model can help define actuator
requirements and adaptive control strategies for individuals with impaired mobility. Fur-
thermore, it may support clinical rehabilitation by providing a framework to assess task
difficulty and optimize environmental conditions, such as seat height, to enhance safety
and functional independence.

Abstract

This study develops a reduced-order predictive model of the Sit-To-Stand (STS) task to
examine whether a simplified biomechanical representation can reproduce key STS patterns
reported in the literature and to investigate the role played in movement by a flexible trunk.
The model represents the human body as a planar multibody system and formulates STS
as an optimization problem within a discrete mechanics framework. This formulation
combines reduced model complexity, explicit torso flexibility, and a structure-preserving
numerical approach for trajectory generation. Simulations were used to evaluate the effects
of movement duration, reduced joint strength, and seat height on joint torques, kinematics,
trunk motion, and ground reaction forces (GRFs). The results reproduced several qualitative
trends reported in previous experimental studies, including increased peak joint torques
and GRFs with shorter movement duration, lower joint strength, and reduced seat height,
as well as greater compensatory trunk motion under more demanding conditions. These
findings suggest that the proposed framework captures key adaptive features of STS
mechanics and may provide useful insights for rehabilitation analysis and the design
of assistive technologies such as lower-limb exoskeletons and rehabilitation devices. At
the same time, the present work should be regarded as an initial methodological study,
since validation is currently qualitative and further experimental calibration, quantitative
validation, and sensitivity analysis remain part of ongoing work.

Keywords: Sit-To-Stand (STS); multibody dynamics; optimization

1. Introduction

Understanding Sit-To-Stand (STS) motion is important in clinical, rehabilitation, and
athletic settings because it reflects lower-limb strength, balance, coordination, and neuro-
muscular control. Patients recovering from stroke often exhibit impaired muscle coordi-
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nation that affects their ability to rise from a chair, while older adults with osteoarthritis
or sarcopenia may experience difficulty because of reduced joint strength and/or loss of
muscle mass [1]. Since STS is performed frequently in daily life, on average about 60 times
per day [2], even modest impairments can substantially affect independence and quality
of life. More generally, age-related decline and pathological conditions can compromise
the ability to perform STS effectively [3-5]. Consequently, STS has become an important
functional means of assessing and monitoring mobility. Previous studies have shown, for
example, that examining healthy individuals” adaptations to changes such as chair height
may help in diagnosing functional limitations [6], that the five-repetition STS test provides a
reliable measure of lower-body muscle and joint function [7], and that age influences trunk
flexion, lower-extremity muscle activity, and postural stability during STS [8]. A recurring
conclusion in this literature is that trunk motion plays a central role in the successful execu-
tion of STS. The torso contributes not only to posture but also to momentum generation,
whole-body coordination, and the transfer from sitting equilibrium to standing balance.
In this context, the authors of [9] highlighted the importance of the torso in mobility and
suggested that flexible torso representations may improve the prediction of movement
in both healthy and impaired individuals. Similarly, in [10], the authors showed that
spinal kinematics differ significantly in patients with low back pain, supporting the need
for multi-segmental or flexible trunk analysis when the objective is to better understand
functional movement. This broader perspective is important because STS and related
tasks such as sit-to-walk are not governed by lower-limb mechanics alone; rather, they
emerge from coordinated whole-body motion, including the trunk. Understanding how
healthy individuals perform STS and STW may therefore help guide the design, assessment,
and improvement of assistive strategies and devices for older adults and for individuals
with impairments [11-14].

The biomechanics and determinants of STS have been studied extensively, including
the effect of seat height [15-19] and the role trunk-focused exercise combined with physical
therapy plays in improving mobility and balance after stroke [20].

In parallel, modelling studies have contributed substantially to the biomechanical
understanding of STS [21-24] and to the development of assistive approaches [25-27].
Optimization-based methods have also been used to predict STS motion and investigate
movement strategies. For example, in [28], the authors formulated STS prediction as a
nonlinear optimization problem, and their results showed qualitative agreement with
experimental findings reported in the literature. The authors of [29] employed a multi-
phase cost function to generate utility-optimized trajectories for rehabilitation-related
applications. Early work by the authors of [30] formulated STS as an optimization problem
and argued that gradual muscle force variation better reflects human biomechanics.

The authors of [31] used a skeletal and muscular model to improve STS movement and
reduce knee stress through genetic optimization, with subsequent experimental support for
the model behaviour. Likewise, in [32], the authors employed a three-dimensional bipedal
model to improve torque requirements during STS and compared the resulting predictions
with experimental observations, including ground reaction force data.

Despite these important contributions, the literature still leaves an important scientific
gap. Existing STS studies have improved understanding of the task, but they do not yet fully
provide predictive biomechanical models that are simple enough for systematic analysis
and optimization while still sufficiently expressive to examine movement abnormalities,
functional limitations, and the potential effects of intervention. More specifically, although
the importance of trunk motion is widely recognized, the torso is often represented in
a simplified or effectively rigid manner, and the implications of introducing additional
torso degrees of freedom are not always examined in a way that clarifies their mechanical
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contribution. As a result, how a reduced-order but flexible torso model can be used to
study normal STS mechanics, abnormal movement patterns, and the possible effect of
rehabilitative or assistive interventions remains unresolved.

A further gap concerns the numerical framework used to formulate and solve the
predictive problem. In the present work, the problem of optimal control is formulated
within a discrete mechanics framework. Unlike approaches that begin by directly dis-
cretizing the differential equations of motion, discrete mechanics starts by discretizing the
underlying variational principle itself. This distinction is important because it leads to
structure-preserving numerical schemes, commonly referred to as variational integrators,
that inherit the characteristic properties of the underlying mechanical system. In particu-
lar, these methods are known for preserving symplectic structure, exhibiting favourable
long-term energy behaviour with reduced numerical drift and providing a mechanically
consistent framework for the simulation and optimization of dynamical systems over
extended horizons. Such properties are especially attractive in predictive biomechanical
modelling, where the objective is not only to reproduce a movement but also to examine
how model structure, assumptions, or parameter changes affect the resulting motion.

Accordingly, the scientific gap addressed in this study is the lack of a predictive STS
model that simultaneously combines (i) a flexible representation of the torso, (ii) reduced
complexity that supports interpretation and optimization, and (iii) a structure-preserving
discrete mechanics formulation suitable for predictive analysis. The central hypothesis of
this work is that a simplified biomechanical model with a flexible torso, when posed as an
optimization problem within a discrete mechanics framework, can capture the essential
dynamics of STS more effectively than rigid reduced-order representations while remaining
more interpretable and computationally manageable than highly detailed full-body models.
More specifically, we hypothesize that the inclusion of degrees of freedom for the torso
within this framework will improve the predictive description of STS motion and provide
a useful basis for studying functional limitations, abnormal movement, and the potential
effects of rehabilitation or assistive intervention.

According to this aim, the present study develops a flexible-torso STS model that
is intentionally simple while still capable of representing key dynamic features of the
movement. The problem is posed as an optimization task in a discrete mechanics setting so
that relevant determinants of STS performance can be analysed within a numerically robust
and mechanically consistent framework. At the same time, the present work should be
regarded as an initial step rather than a complete validation study. At this stage, the model
has been examined primarily through qualitative comparison with behaviours and trends
reported in the literature rather than through direct quantitative experimental validation.
In addition, comprehensive sensitivity analysis with respect to parameter variation has not
yet been completed, and the parameters used in the model have not yet been calibrated
through dedicated experiments. These limitations are acknowledged explicitly, and their
resolution forms part of the ongoing work, which will focus on experimental validation,
parameter calibration, and quantitative assessment of model sensitivity and predictive
performance. In this regard, electromyography (EMG) recordings and force-platform
measurements represent natural experimental counterparts for validating and refining the
model predictions and are identified as a priority direction for future experimental work.

2. The STS Task Formulated as an Optimization Problem

Since STS transfer is a symmetrical movement primarily occurring in the sagittal plane,
it can be simplified as a two-dimensional problem within that plane. This study employs
a six-link model representing the shank, thigh, and head-arms—trunk (HAT) segments.
The trunk is presumed flexible and approximated as discrete, rigid segments that are
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interconnected by flexible joints. These joints are equipped with springs and dampers,
which allow for deformation by providing the necessary degrees of freedom (DOFs). The
springs and dampers model the body’s elasticity and damping characteristics, while the
rigid segments simplify the calculation of inertial effects. A schematic showing the model
employed in our study is shown in Figure 1.

Figure 1. Six-link model (flexible torso).

Discrete mechanics [33] principles are followed in posing the STS as an optimization
problem. In contrast to conventional techniques that impose equations of motion as external
constraints, discrete mechanics weaves them directly into the optimization process through
a discretized form of the Euler-Lagrange equations. This integration preserves the system’s
underlying geometric structure—safeguarding momentum and, in certain cases, energy—
thus enhancing stability, physical realism, and computational efficiency. The outcome is a
cohesive and resilient framework, ideally suited to capturing the synchronized, force-driven
essence of STS motion. The Lagrange equation is given by

1.1 :2 1.0 1 :2
L= 506151191 +...+ EUG651696
—8MiYGi--- — 8MeYGe
(05— 0) — Lka(64 — 63) — 2ks (05— 604) @
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The Raleigh dissipation function is

R = %CS (65 —02)" + ;4 (6:-62)" + %c5 (65—6.)" + ;6 (66— 65)’
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Applying the midpoint rule to the continuous Lagrange equation yields the discrete
Lagrange equation as follows:

5(6], q) N h‘cd (qk+12+ ‘Ik, 97k+1h* Qk> (2)

The system dynamics can be formulated as follows:

D1L4(01k, O1k-+1, 02k, O2ks1/ - - -, Ok Opkg1) +
fa~ (01, O1x51, 02k, Ok 41, - - - Ok Okt )+ 3)
Do L(01k, O1k-+1, 02k, O2k41, 03k, - - -, Oks Ookr1) +
fa (611, 0141, 0o, B2k 1, - - -, Bk, Bk 1) = O

where D1 L;(01x, 01511, 02k, 02k 11, - - - » O6k, O6k 1) is the first derivative of discrete Lagrange
with respect to current coordinates (i.e., 01, 62, - . ., and 6gy), and D, L is the first derivative
of discrete Lagrange with respect to future coordinates (i.e., 61511, 62%11, - - ., and Ogy1).
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Both discrete forces, i.e., left and right forces, are defined as the torque applied to

each joint.
U — Uk
_ Uk — Usk
fao=fat= : (6)
Ugk

An optimal control problem is formulated to replicate the STS task, aiming to minimize
a specified cost function. Additional algebraic constraints model the contact between the
chair and the segment representing the patient’s pelvis, as well as the initial and final
positions and velocities of various body segments. Biomechanically appropriate constraints
are imposed on joint torques, angular displacements, and angular velocities.

In the results presented here, the cost function is defined as the sum of the squared
torques applied to each joint, combined with the sum of the squared time derivatives of
those torques.

The initial poster position assumes that the nature of the sitting position for a human
being requires that the tibiae (Link 1) have an angle of 0° from the vertical, whereas the
femurs (Link 2) have an angle that depends on the seat height. The torso (Links 3, 4, 5,
and 6) has an angle of 0°, as defined in our model. With these initial conditions, the optimal
control problem is formulated by minimizing a cost function composed of the squared joint
torques and the squared torque rates so as to represent both reduced mechanical effort and
smoother actuation profiles.

Min J =Y Y0 a0 + Y, Yo i (k) 7)

with decision variables 6; and u;.
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In accordance with the dynamical equations of motion (Equation (3)), a given set of
initial states (the rotational displacement of links and their angular velocities), a prespecified
set of terminal constraints (the rotational displacement of links and their angular velocities),
and a set of inequality constraints are imposed on the torques and angular displacements.

Gi min < 91’ < 61’ max (8)
Ui min < Wi < Uj max

A key distinction between rising from a squatting position and rising from a seated
position is the motion constraint imposed by the chair. The method for calculating the
horizontal and vertical force components exerted by the chair on the model is detailed
below, adapted from [30].

AU = JTF, AU is the projection of the forces to Joints 1 and 2, and ] is the Jaco-
bian and F is the horizontal and vertical component of the force at the hip, as computed
in Equation (9).

The model of the seat can be generated with a nonlinear spring and a linear damper,
as follows:

05(10°441) — g Ax <0
—0.5(10“\“\) —Bx Ax>0

0.5(10“\Ay|) — By Ay<O0
Fy =
0 Ay >0

©)

Note that Fy and F,, represent the horizontal and vertical components, respectively, of
the reaction force exerted on the model by the chair. The resulting nonlinear programming
problem was solved using SNOPT, version 7.5, a large-scale sparse optimizer based on
sequential quadratic programming (SQP). In SNOPT, each iteration solves a quadratic pro-
gramming subproblem constructed from a quadratic approximation of the Lagrangian and
a linearization of the constraints. Convergence was checked by repeating the optimization
with progressively finer temporal discretization and verifying stabilization of the objective
value, state trajectories, and control histories.

3. Optimization Results

The human body comprises a variety of tissues and structures that support and facili-
tate the movement of the skeletal system. This is particularly evident in the trunk, which
incorporates a spine divided into multiple segments to allow for flexibility and complex
motion [34,35]. In our model, the trunk is represented as a collection of rigid segments,
each characterized by specific mechanical properties such as length, mass, stiffness, and
damping. These properties are crucial to accurately simulating human movement.

Numerous studies have highlighted the challenges of precisely determining these
parameters due to individual variability, environmental influences, and experimental
limitations. As a result, many researchers have focused on optimizing (tunning) these
parameters to better mimic the dynamics of human movement. Typically, such studies
divide the trunk, including the head and neck, into discrete segments, assigning unique
mechanical properties to each. However, not all studies provide a comprehensive set of
parameters for every trunk segment.

For example, the authors of [35] employed a finite element model of a seated human
body with a total mass of 68.6 kg and a height of 175 cm, as detailed in Table 1.
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Table 1. The physical parameters were adopted from [35] as literature-sourced baseline values and
mapped to the segment definitions of our reduced-order model; they were used as initial estimates to
ensure mechanical consistency but were not yet calibrated to subject-specific experimental data.

Joint Stiffness  Joint Damping

Segment Mass (kg) Length (m) Com (m) Moment of Inertia (N-m/rad) (N-m-s/rad)
Head and neck 5.41 0.2705 0.078 0.036 1000 50
Upper torso 21.89 0.2749 0.33 0.546 2000 10
Lower torso 4.25 0.1281 0.03 0.022 1500 30
Pelvis 2.57 0.1718 0.02 0.01 - -
Femur 25.95 0.4198 0.309 0.403 - -
Legs 7.01 0.4384 0.42 0.113 - -

We used the parameter values listed in Table 1, which were taken from the literature,
and observed qualitative rather than exact quantitative agreement between the model
response and the reported behaviour. Figure 2 shows the centre of gravity (COG) tra-
jectory in the sagittal plane as predicted by our model and as reported by the authors
of [12]. Figure 3 shows the ground reaction force as compared to the experimental results

reported in [36].
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Figure 2. Experimental data (dotted line on the (right)) vs. model—produced data (left). Experimental
data are those reported in [12].
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Figure 3. Experimental data sourced from [36].

Referring to the first phase (flexion momentum) in Figure 4, the motion begins with
the initiation phase, characterized by forward flexion of the trunk, which generates flex-
ion momentum. This phase ends just before the hip lifts off the surface of the chair.
During this time, the centre of gravity (COG) moves forward horizontally with minimal
vertical displacement.
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Figure 4. Phases of STS, the black dot represents the head, while the blue dots represent the

various joints.

The second phase, known as the momentum transfer phase, starts with the hip lifting
off the chair surface (starting at around 18% of the total time of the complete motion). It
utilizes the flexion momentum to propel the torso upward and forward, concluding just
before the lower leg ceases forward flexion and the ankle reaches maximum dorsiflexion
(shortly after 40% of the total time). Throughout this phase, the whole body moves forward
and upward. As the hip leaves the chair, body weight shifts onto the feet, placing significant
load on the knee joints—making this the most demanding phase for the lower limbs.

The third phase, the extension phase, is marked by the extension of the hips and knees.
It begins at maximum ankle dorsiflexion (at 40% of the total time) and ends just before the
lower leg stops moving backward (at 80% of the total time).

The final phase, the stabilization phase, starts when the lower leg no longer flexes
backward (at 80% of the total time) and is primarily focused on maintaining balance at the
terminal standing position.

3.1. STS Speed

To study how STS duration affects the dynamics of the joints of the bipedal model, we
aimed to optimize the torques of the joints during standing from a sitting position over
different periods: 1.0s,1.35s,1.8 s, and 2.3 s.

[e)}

N N 6 0
T=YY ul(k)+ Y Y i (k) (10)
k=1i=1 k=1i=1

i

The observed behaviour of the torques of the tibia, femur, and hip joints can be
explained from a biomechanics standpoint. The tibia torque is the effort applied by the tibia
muscles, represented by ankle dorsiflexion, to lift the body up and stabilize the ankle during
the initial phase of the STS motion; the femur torque is the effort applied by the quadriceps
muscle to extend the knee and overcome the inertia to lift the whole body up. The tibia
torque demonstrates how the hip extensors contribute to stabilizing the body (especially
during the last phase) and propelling it forward. Varying the profile of previously explained
torques, as shown in Figure 5, demonstrates how the STS duration affects the magnitude
of the joint parameters and the coordination of joint movement. Longer STS durations
represent slower and less aggressive movement in terms of the peaks and phases inherent
to completing the motion. As shown in Figure 5, increasing the STS duration reduces the
peak torque at each joint, which can be explained by the distribution of the load over a
longer duration and thereby avoidance of immediate torque from the muscles.
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Figure 5. Joint torque (N-m) as STS speed is varied.

The variation also has an obvious effect on the dynamics of joint angles and angular
velocities, as seen in Figure 6. Reducing STS duration results in a rapid tilting of the
tibia and hip extension to shift the COG forward, which is associated with high angular
velocities during the initial phase, whereas the peak at the middle of the angular position
and the associated velocity are required to shift the body vertically. Longer STS durations
decrease these peaks and result in smother transitions from one phase to another, as is clear
from Figure 6 during the transitions between the phases 0-30% of total STS, 30-70% of total
STS, and 70-100% of total STS, as well as the longer phases at the end of the STS motion
representing body stabilization.
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Figure 6. Angular joint position in degrees vs. STS Time (%).

Experimental studies have also explored how the speed of STS movement affects joint
kinetics and kinematics. In [37-39], the authors found that reducing the time required to
accomplish the STS motion results in an increase in the joint torque, angular motion, and an-
gular velocity due to the muscles producing effort more quickly. It has been shown, in other
studies, that increasing the duration of the STS motion produces lower GRF peaks [40,41].
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3.2. Weakened Joint Strength

To examine the impact of reduced knee strength, we assigned weighted penalties to
joint torque within the optimization, applying a higher weight to the knee joint to simulate
diminished torque capacity (Joint 2).

N 6 ) N 6
J=Y Y au(k)+ X X u (k)
k=1i=1 k=1i=1 (11)
«;j=1,fori=1,3,4,5,6,

The results are as shown in Figures 7 and 8. Restricting knee flexion necessitates higher
hip angular velocity to compensate for the loss of range of motion, as seen in Figure §;
this aligns with the results reported in [19]. However, it differs from earlier work [38],
in which the authors suggested that peak hip moments may not significantly increase in
some patients with limited knee flexion. This divergence highlights the importance of
individualized assessments, as compensatory mechanisms may vary based on the degree
of restriction and patient-specific factors.
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Figure 7. Joint torque in N-m.
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Figure 8. Joint angular velocities in degrees/s.

3.3. Seat Height

Seat height is considered to be one of the main determinants of STS because it can
directly influence the success of the motion. We investigated how the body adapts to
varying seat heights by formulating an optimization problem that minimizes joint torque

https://doi.org/10.3390/app16083721
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while promoting smooth transitions through the inclusion of torque rate changes in the
objective function as follows:

N6 N 6,
J=Y Y u(k)+ ),y u (k) (12)
k=1i=1 f=1i=1

The results show a consistent pattern for joint angle and joint angular velocity across
different seat heights. However, as seen in Figure 9, reducing the seat height results in
joints having a larger range of motion, which is apparent because the biped will initially
be sitting at more flexed positions, and the hip and knee will require greater extension
to transition to the standing position. Meanwhile, the increment in the angle of the tibia
indicates that it is positioned with greater flexion due to the reduced seat height [19]. The
increment in the range of motion leads to an increase in the joint velocity to attain the fully
extended position from more flexed positions over a fixed STS time [19].
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Figure 9. Joint angle in degrees with varying seat height.

On the other hand, the profile of joint torque remains consistent with different seat
heights, with small increments on the peak values, especially for hip torque. Lower seat
heights require greater torso flexion, which results in a greater mechanical effort to shift the
body’s centre of gravity toward the base of support during the momentum transfer phase.
A small delay in the stabilization phase was noticed as the seat height was decreased.

Due to the increase in effort applied by the muscles to reach the fully extended position
from the more flexed position, we noticed an increment in the peak of the GRFE. These
results confirm results obtained experimentally by the authors of [42], in which it was
reported that peak GRF increases due to the higher effort needed to raise the body from a
lower seat height.

3.4. Modifying the Initial Trunk Orientation

Beginning with increased trunk flexion results in the duration of the extension phase
being lengthened, as seen in Figure 10 (which is obvious since the first phase is no longer
needed) [43]. This strategy allows for reduced knee joint moments, making the motion
more efficient, as reported in [19]. Another key observation concerns the sequence of joint
activation. With active hip flexion, movement initiates at the knee, followed by the hip
and ankle. In contrast, without hip flexion, the sequence begins at the hip, then proceeds
to the knee and ankle—consistent with the findings in [43]. Contrary to the observation
reported by the authors of [43] regarding an active support moment in which the degree
of upper-body flexion did not influence the magnitude of the support moment, we found

https://doi.org/10.3390/app16083721
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that the support moment (the sum of individual joint moments) increases when there is no
hip flexion.
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Figure 10. Changing the Initial Position of the Trunk.

4. Discussion and Conclusions

This study presents a reduced-order predictive model of the Sit-To-Stand (STS) task
incorporating a flexible torso, formulated within a discrete mechanics-based optimization
framework. The primary contribution is methodological: the proposed approach occupies
an intermediate position between rigid reduced-order formulations and detailed muscu-
loskeletal models by explicitly accounting for torso flexibility while retaining computational
simplicity. This makes it particularly suited for interpretive and parametric analysis rather
than subject-specific prediction.

The simulations reproduced several qualitative trends documented in the literature,
including increased joint torque and angular velocity with shorter movement durations, in-
creased compensatory trunk motion under reduced knee strength, and greater trunk flexion
and ground reaction force at lower seat heights. These results suggest that the framework
can capture key adaptive features of STS mechanics within a simplified predictive setting
and may offer a useful basis for examining how task conditions and functional limitations
modulate mechanical demands.

From an application standpoint, the predicted torque profiles and compensatory
motion patterns may provide preliminary insight into mechanically demanding phases
of STS, which is relevant to the design of assistive devices and rehabilitation strategies.
However, it should be emphasized that the present results are primarily qualitative, as the
model has not yet been calibrated against subject-specific data or validated through direct
quantitative comparison with experimental measurements. Subject-specific application
would therefore require dedicated experimental calibration.

Several limitations bound the current scope of the work. Quantitative experimental
validation against motion-capture and force-platform data has not yet been conducted, and
a systematic sensitivity analysis of model parameters remains to be completed. Future work
will address these gaps and will include direct comparison with previously proposed STS
models. Additionally, electromyography (EMG) recordings may be incorporated to relate
predicted torque patterns to underlying neuromuscular activity, providing an independent
basis for validating and refining model predictions.
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