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Abstract

In this study, we present a comprehensive model of skeletal muscle contraction that accounts for both its mechanical
and deformation properties. Unlike conventional models that treat muscle solely as a contractile element, the
proposed framework integrates active and passive fiber components, offering a more accurate representation of
biomechanical behavior. The model captures the dynamic interplay between contractile forces and elastic
deformations within the muscle, providing insights into how microscopic mechanisms influence macroscopic
motion. An analytical approach is also developed to examine the contraction process, enabling detailed evaluation of
stress—strain relationships, energy distribution, and mechanical efficiency under various loading and activation
conditions. This framework further allows direct comparison between theoretical predictions and experimental
observations, supporting model validation and parameter optimization. Results indicate that incorporating
deformation properties significantly improves the predictive accuracy of muscle performance, particularly in high-
strain scenarios or under variable activation levels. The proposed approach offers a robust tool for advancing research
in biomechanics, rehabilitation engineering, and the development of bio-inspired actuators. It may facilitate the design
of more effective experimental studies and computational simulations.

Keywords: Muscle contraction, Process model, Analytical approach for analysis.

1| Introduction

The prognosis of muscle contraction is an important factor in the study of the physiological characteristics
of human movement. Knowledge of the informative parameters of muscle mechanical properties is used in
medicine to treat patients [1-5]. In sportts, predicting human muscle movement helps coaches improve the
effectiveness of training. The capabilities of modern models enable conducting research and introducing
corrections to treatment and training methods directly during their implementation. In this paper, we propose
a model for the analysis of skeletal muscle contraction that accounts for its deformation properties. We

introduce an analytical approach for the analysis of the considered muscle contraction.
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2| Literature Review

Skeletal muscle contraction has been extensively studied from both experimental and theoretical perspectives,
leading to the development of a vatiety of mathematical and biomechanical models. Early classical models,
such as Hill-type formulations, treated muscle as a combination of contractile and elastic elements, providing
a simplified representation of its mechanical behavior [1], [2]. While these models captured basic force—length
and force—velocity relationships, they often neglected the complex deformation properties and viscoelastic

behavior inherent to muscle tissue.

Subsequent studies have aimed to address these limitations by introducing more sophisticated frameworks.
Petrov [3] and Chernous and Shilko [4] proposed models that incorporate both active contraction and passive
elastic properties, thereby improving the accuracy of stress—strain predictions. Similarly, Pankratov and
Bulaeva [5] highlighted the importance of viscoelasticity in capturing transient responses of muscle fibers. At
the same time, Marque [6] demonstrated the utility of analytical approaches for evaluating layered tissue
dynamics in biomedical applications.

Recent advancements emphasize multi-scale and layered modeling strategies that account for local
deformations and the structural heterogeneity of muscle. For example, models conceptualizing muscle as a
network of elastic threads embedded in an elastic-viscous substrate have shown promise in representing both
macroscopic contraction and microscopic fiber interactions. These approaches enable analytical examination
of stress distribution, energy storage, and mechanical efficiency under varying loading conditions [7-9].

Building on this foundation, the present study introduces a model that explicitly incorporates muscle
deformation properties and a corresponding analytical framework for contraction analysis. By doing so, it
bridges classical and contemporary approaches, offering a versatile tool for predicting skeletal muscle
behavior under diverse mechanical scenarios.

3| Method of Solution

In this section, we consider the model of skeletal muscle contraction and analyze it. In the framework of the
model under consideration, we assume that the muscle is a locally flat object with the structure "Elastic thread
- elastic-viscous substrate": a set of parallel threads connected to an elastic-viscous substrate. We will assume
that the effective layer of tissue with depth H is reduced. A linear law of distribution along the coordinate q
of the component of the displacement field normal to the muscle surface is adopted.

Ulyzt) =V(z[l+aly z )y/z], )

where U (y,z,t) is the normal to the muscle surface component of the displacement vector field; V (z,t) is the
movement of a fiber point along the Oy axis, spaced from the edge at a distance z; H is the depth of the
effective layer of the substrate; y is the coordinate directed from the free surface of the muscle; z is the fiber
axis coordinate; o is the empirical parameter that takes into account possible deviations of the system under
consideration from ideality. The equation of transverse oscillations of a thread on an elastic-viscous substrate
has the following form [6].

62V(z,t) 0 aV(Z,t)
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where m is the mass of a unit of the thread; T (y,z,¢t) is the thread tension force; q (y,z,t) is the distributed
shear force from the side of the substrate, directed against the axis y. Force q (y,2,t) is determined through

the tension in the muscle, the substrate o, multiplied by the effective width b: q¢ = o b. As boundary
conditions, Eg. (2) is supplemented by the conditions for fastening the thread.

V(0 t) = 0,V(Lt) =0, (3-2)
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where 1 is the effective thread length. Initial conditions for the function V (z,t) could be written as

GV(Z,t)
V(z,0)=V,, rTen =0. (3-b)

t=0

We solve Eq. (2) with Conditions (3) by the recently introduced method of functional corrections [7], [8]. In
the framework of the approach, we transform the thread tension force T (y,z,t) to the following form

T(yzt) =TO[1+eg(yzt)] )
where TO is the average value of the considered force, 0< € <1, |g (y,zt) | < 1. We determine the Solution of
Eq. (2) as the following power series.

V(z,t)zZsiVi (z,t). 5)
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Substitution of the considered form of Solution (5) and Relation (4) into Eq. (2) and Conditions (3), as well as
grouping of terms at equal powers of the parameter, gives a possibility to obtain equations for functions Vi
(z,t), boundary and initial conditions for them in the following form:
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Egs. (6) with Conditions (7) wete solved by the Fourier variable separation method [9]. The considered solutions
could be presented in the following form:
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The spatio-temporal distribution of the movement of a fiber point along the Oy axis was analyzed analytically
using the second-order approximation in the framework of the method of function corrections. The
approximation is usually good enough for qualitative analysis and for obtaining some quantitative results. All
obtained results have been checked against numerical simulation results.
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4| Discussion

In this section, we analyze the spatio-temporal distribution of fiber-point displacements along the Oy axis.

Fig. 17 shows typical dependences of the considered distribution on the coordinate during fiber compression

for various values of the external force q. An increase in the curve number corresponds to an increase in the

force under consideration. Stretching the fiber results in the opposite effect. A similar result was obtained

when analyzing the change in fiber over time.
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Fig. 1. Typical dependences of the distribution of the fiber point displacement along
the Oy axis for various values of the external force q. An increase in the curve

number corresponds to an increase in the considerate force.

5| Conclusion

In this paper, we propose a model for analyzing skeletal muscle contraction that accounts for its deformation

properties. We analyzed the considered model. We introduce an analytical approach for the analysis of the

considered muscle contraction.
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