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Abstract: Muscle contraction is a complex phenomenon that begins with chemical processes, continues physiologically, and 
leads to the production of  force. Although the production of  force in the muscles depends on factors such as temperature, age, 
gender, race, but the most important factor is the external load applied to the muscle. Determining the effects of  increased load on 
muscle mechanics is of  particular importance for planning exercise activities and rehabilitation processes. In this study, the effects 
of  different external forces on the stress and pressure behavior of  the muscle were examined on a simplified model of  the biceps. 
Accordingly, a finite element model of  the biceps brachii muscle fiber was constructed. The application of  different static loads 
(2.5 – 100 N) on both the proximal tendon (one-directional) and the proximal and distal tendon (bidirectional) together were 
investigated. According to the results, it was found that the external force applied in both directions causes a significant increase in 
displacement behavior and stress.
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be obtained by considering this effect. Since explaining 
the relationships between length, force and speed was 
important in determining muscle characteristics, various 
studies had been performed on muscle-to-muscle fibers 
[19-24].

Here are some studies from the past to the present to 
model and simulate muscle contraction under different 
conditions: Liber (1993) investigated the possibility of 
examining surgical methods including skeletal muscle 
by considering the muscles and the main function of the 
muscles [25]. Shue and Crago (1998) developed a nonlin-
ear parameter estimation algorithm with the Hill type 
muscle-tendon models, they additionally determined 
the static parameters and behavior of the muscle during 
random stimulation [26]. Donkelaar et al. (1999) investi-
gated the two-dimensional (transverse and longitudinal) 
surface deformation and stretching of skeletal muscle by 
fabricating three-dimensional measurements at different 
muscle lengths [27]. Stäubli et al. (1999) analyzed the 
mechanical tensile properties of quadriceps tendons and 
patellar ligaments using the harvesting technique [28]. 
Using a musculoskeletal modeling package to simulate 
musculoskeletal surgery, Holzbauer et al. (2005) devel-
oped a three-dimensional model that describes mechani-
cal movement that included all major upper limb muscles 

1. Intorduction
The muscular system, forming 40-45% of the body 
weight and together with the skeletal system provides the 
forces needed to perform the movement. Musculoskeletal 
system consisting of bone, cartilage, muscle, tendon and 
connective tissue; Skeletal muscles consisting of muscle 
fibers with 10 to 100 micrometers thick and 1 to 30 cm 
long, they were placed as a layers on the bones and were 
connected to the bones by tendons [1, 2]. Contractions in 
muscle fiber cause muscles to exhibit complex mechanical 
properties as a result of nerve stimulation [3, 4]. Hill and 
Huxley’s models provide mathematical notations used to 
analyze these complex mechanical properties [5-8]. The 
Hill muscle model, which consists of three elements: the 
active contractile element, the serial elastic element and 
the parallel elastic element, reflects inactive features, 
mainly used to explain the behavior of the muscle and 
tendon [9,10]. Therefore, it has been widely applied in 
simulations of human movement [11-13] and is still ap-
plied in multi-body simulations [14-16].

There are other muscles around the muscles in the human 
body, bones and connective tissue. When external forces 
were transmitted to the muscle, the strength and prop-
erties of muscle strength were affected [17, 18]. More ac-
curate results in the developed muscle models could only 
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[29]. Martinek et al. (2008) simulated Hodgkin-Hux-
ley-like excitation with COMSOL Multiphysics using the 
bidomain model and examined muscle fiber responses to 
changes in parameters [30]. Kochbach et al. (2011) per-
formed simulations to determine the optimal parameters 
and conditions for thermal stimulation of muscle tissue 
using COMSOL Multiphysics finite element software 
[31]. Carbon et al. (2016) performed a comprehensive sen-
sitivity analysis by simulating the lower limb model in the 
AnyBody modeling system to evaluate the effects of possi-
ble errors in the parameters of the Hill-type musculoskel-
etal model on the tendons of the musculoskeletal model 
[32]. Esmaeili and Maleki (2020) with muscle coordina-
tion analysis and time-varying muscle synergy extraction 
from surface electromyography (sEMG) models, investi-
gated the similarity of muscle synergies for mechanical 
conditions [33].

Musculoskeletal models in these studies had been devel-
oped to model and simulate muscle contractions under 
the influence of various static forces, these findings play 
an active role in the treatment of various diseases, human 
movement analysis and determining the treatment pro-
cess.

The purpose of this study was to analyze the effect of stat-
ic forces applied on muscle fiber at regular intervals on 
muscle mechanics. Changes in displacement and stress 
due to static forces in the muscle were examined. The re-
sults of the analysis help to better understand the effect 
of changing muscle forces on muscle mechanics and the 
relationship between contraction and force.

2. Materials and Methods
A model of the forearm, upper arm, elbow joint and 
shoulder joint was performed to simulate the effect of 
static forces on the muscle fiber (see Figure 1). Static force 
was applied at force values up to 100 N and with constant 
increments of 2.5 N starting from 2.5 N. According to de-
signing muscles and tendons in the form of cylinders and 
bones in the form of cubes (see Figure 2), a finite element 
model of biceps brachii muscle fiber; consisting of bone, 
muscle fiber and tendon structures was performed. In the 
model, the length of the bone margin was 100 mm, the 
length of the muscle fiber was 250 mm, the length of the 
tendon was 25 mm and the diameter of the muscle fiber 
and tendon was 1 mm. Young’s modulus of muscle fiber, 
bone and tendon were 1.162 x 106 Pa, 1.0 x 1010 Pa and 
1.6 x 106 Pa, respectively; Poisson’s ratio were 0.4, 0.3 and 
0.497, respectively; their densities were 1056 kg/m3, 2570 

kg/m3 and 1670 kg/m3.

Grid convergence analysis with a sensitivity of 0.001 was 
used to check the accuracy of the analyzes performed in 
COMSOL Multiphysics 5.5. Three different grids (see 
Figure 3), normal, fine and finer, respectively, with the 
characteristics given in the table were used. The error rate 
between the first meshing stage and the second meshing 
stage was 0.10%, while the error rate between the second 
meshing stage and the meshing stage was 0.28%. In the 
grid convergence method (see Figure 4), although the 
large number of mesh elements increased the accuracy 
of the results, the displacement values were very close in 
the second and subsequent steps, in order to optimize the 
analysis time, the fine mesh was preferred (see Table 1).
 

Figure 2. The finite element structure of the muscle, tendon and 
bone.

The results of the mechanical behavior of the muscle fi-
ber were presented in Chapter 3 by examining parame-
ters such as displacement, strain, and strain. Due to the 
application of external force only on the proximal tendon 
(one-directional) and both proximal and distal tendons 

Figure 1. Mechanical model of the biceps brachii with arm.

Table 1. Finite element model specifications

Domain element 
statistics

Number of  elements
Minimum element 

quality
Average element 

quality
Element volume ratio Mesh volume (mm3)

Normal 1599 0.08598 0.6013 0.00002957 2001000

Fine 2570 0.1201 0.6034 0.00005771 2001000

Finer 4559 0.2196 0.6316 0.00003292 2001000
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(bidirectional) analysis was performed.

3. Results and Discussions
The simulation results with finite element analysis are 
shown in Figure 5. Here are the results of muscle displace-
ment. Figure 6 shows the displacement change caused by 
the static load applied in both directions. Here, it was un-
derstood that the applied static force and the elongation 
in the muscle were linear. When a maximum force of 100 
N was applied, 6.99 mm elongation occurs in the biceps 
brachii fiber.

Figure 5. Displacement analysis of the finite element model, a) 
one-directional b) bidirectional.

The displacement change that occurs when external load 
was applied only to the proximal tendon. Here, when a 
maximum force of 100 N was applied, it was seen that the 

biceps birachii fiber elongates by 0.2 mm. It was addition-
ally seen that there was a linear relationship between force 
and displacement in the case of applying a unidirectional 
force. The coefficient of determination (R2) was calculat-
ed as 0.9995 in case of double-sided force application, and 
0.9991 in case of unidirectional force application.

Figure 6. Displacement-force response of the biceps brachii, a) 
one-directional b) bidirectional.

Figure 7 shows the stress-strain behavior in the muscle 
when unidirectional and double wool load were applied, 
respectively. It was understood that there was a linear rela-
tionship between stress and strain in both loading condi-
tions. In the case of applying a maximum force of 100 N, 
65502 Pa strain occurs in the muscle fiber in unidirection-

                 Figure 3. Mesh types, a) Normal, b) Fine and c) Finer.

Figure 4. Mesh convergence analysis
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al loading, while 65172 Pa stress occurs in bidirectional 
loading. Maximum strains were 0.0563% and 0.0560%, 
respectively.

In this study, the mechanical behavior of the biceps bra-
chii muscle fiber under different static loads was investi-
gated. The analysis was performed according to two dif-
ferent one-way and two-way positions. According to the 
results, it could be seen that the amount of muscle fiber 
displacement in bilateral loading was significantly high-
er. This indicates that greater deformation and muscle 
strength will occur if force was transferred from the prox-
imal and distal tendons of the biceps brachii. In addition, 
the stress and strain behavior and displacement increase 
linearly with the applied static load. These results were 
similar to those of Siebert et al [9]. The obtained results 
could be used to evaluate the exercise movements that 
cause isometric contraction of the muscles. Considering 
the results of this study, it could be said that a significant 
deformation might occur in the muscles, especially in re-
sistance exercises performed using body weight against ex-
ternal load (for example, pull-up movement by attaching 
a plate to the waist area). While two-way loading may be 
detrimental to exercise, it could be considered an advan-

tage, especially in post-stroke rehabilitation techniques. 
In cases of muscle and nerve damage such as stroke, mus-
cle activation could be increased by bidirectional loading 
on the muscles. This might increase the effectiveness of 
exercise and shorten the rehabilitation processes.

4. Conclusion
The movement system of the human body, on the one 
hand, is a living and biological structure and depends 
on the laws of living things, on the other hand, it has a 
mechanical structure influenced by mechanical laws. The 
expansion and contraction of the  biceps brachii chang-
es the position of the elbow joint and causes it to move. 
Therefore, in this study, forces between 2.5 N and 100 N 
by 2.5 N steps were applied to investigate the mechanical 
behavior of the biceps brachii. Consequently, a linear cor-
relation between force and displacement, strain and stress 
was obtained. In future studies, the electrical behavior of 
the biceps brachii and the role and importance of each of 
the above-mentioned structures will be examined in de-
tail.
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