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Abstract: Investigation of the mechanical behavior of the biceps brachii (BB) muscle at different dynamic forces is essential
to improve training techniques, prevent sports injuries and optimize rehabilitation results. In previous studies, researchers
studied mechanical changes during muscle contraction using various mathematical methods and simulation models. The
models adopted by the majority of these studies assumed a constant value for muscle force. However, variable muscle
force has different effects on muscle mechanics. In this study, an inverse dynamic simulation model was initially utilized to
determine the dynamic muscle forces generated in the BB while performing the dumbbell curl exercise with 5 kg and 10 kg
weights. Subsequently, the finite element method (FEM) was used to calculate the stress and strain changes experienced by
BB as a consequence of the applied forces. Moreover, simultaneous analysis through electromyography (EMG) was carried
out to investigate muscle contraction during the dumbbell curl exercise. Consequently, it was concluded that the average BB
force during the dumbbell curl exercise with 5 kg and 10 kg weights was 433.9 N and 695.0 N, respectively. The maximum
stresses in the BB during exercise were calculated to be 960.5 Pa and 1484.9 Pa, respectively. Additionally, the maximum
displacements were determined to be 102.30 um and 158.28 um, respectively. According to the findings of muscle force
100% increase in dumbbell weight increases the maximum muscle force by 83.13% and the average muscle force by 60.17%.
Therefore, it is understood that there was no linear correlation between weight gain and muscle force.
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1. Introduction

The biceps brachii (BB) is a skeletal muscle located in the
upper arm, composed of a long and short head that orig-
inate from the scapula and is inserted on the radius bone
[1]. It is responsible for flexing the elbow joint, supinating
the forearm, and is innervated by the musculocutaneous
nerve [2]. The muscle is made up of both fast-twitch and
slow-twitch muscle fibers, allowing for both explosive
power and sustained contraction [3]. The muscle is also
considered a synergist for other muscles involved in el-
bow flexion, such as the brachialis and brachioradialis
muscles [4]. In general, the BB muscle plays an import-
ant role in many aspects of upper body movement and
is a key muscle for daily activities as well as athletic per-
formance [5, 6]. Therefore, strengthening the BB muscle
can provide numerous benefits, including improved arm
strength, better aesthetics, and improved grip strength
[7]. There are several effective methods to strengthen the
BB muscle, including resistance training [8, 9], isomet-
ric training [10], plyometric training [11], and eccentric
training [12]. Resistance training involves using weights
or resistance bands to perform exercises that target the

BB muscle [13], whereas isometric training involves hold-
ing a static contraction of the muscle without any joint
movement [14]. Plyometric training involves performing
explosive movements that involve rapid stretching and
contracting of the muscle [15], and eccentric training in-
volves focusing on the lowering phase of a movement [16].
The literature surveyed indicates that resistance training
is a highly effective way to strengthen the BB muscle, and
has several advantages over other types of exercise for
achieving this goal [17, 18]. By providing specificity, pro-
gressive overload, high muscle activation, and flexibility,
resistance training is a key tool for building strength and
hypertrophy in the BB muscle [19, 20]. It is worth men-
tioning that dumbbell curls are a common exercise in re-
sistance training programs aimed at strengthening and
hypertrophying the BB muscle, and can be performed as
part of a full-body workout or as a targeted exercise in
isolation [21, 22]. Therefore, researchers are studying the
effects of dumbbell curls on the BB muscle to understand
the mechanisms of muscle hypertrophy, improve athletic
performance, and potentially develop rehabilitation pro-
grams for individuals recovering from injury or surgery
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[23, 24]. Additionally, insights into the optimal training
strategies for enhancing bicep strength may be useful for
individuals with musculoskeletal disorders [25, 26].

The effect of dumbbell curls exercise on the BB muscle
has been investigated through the use of different meth-
odologies in various studies. These include electromyog-
raphy (EMG) [27] to assess muscle activation levels, mus-
cle biopsies [28] to analyze changes in muscle fiber size
and composition, ultrasound imaging [29] to measure
muscle thickness and cross-sectional area, and strength
testing [30] to evaluate changes in muscular strength and
endurance. Additionally, some studies have utilized dif-
ferent variations of the dumbbell curl exercise, such as
altering the resistance [31], range of motion [32], and grip
type [33], to investigate the effects of these factors on BB
muscle activation and hypertrophy. In general, these di-
verse methods provide a comprehensive understanding
of the physiological [34] and biomechanical [35] respons-
es of the BB muscle to dumbbell curls exercise. In the
open literature, several studies have been conducted to
investigate the biomechanical modifications occurring
in the BB muscle during different forms of physical ex-
ercise. For example, Watanabe et al. (2015) studied EMG
changes in the BB muscle during resistance training and
detraining in 10 male subjects. They performed 6 weeks
of resistance training on one arm followed by 8 weeks of
detraining, measuring EMG using a 64-channel surface
system during dumbbell curls. The researchers found that
EMG amplitude increased during training, but returned
to baseline during detraining. However, the spatial dis-
tribution of EMG potentials did not significantly change
during either phase [36]. Hwang et al. (2016) developed
a new method for predicting muscle fatigue and force
during isokinetic dumbbell curl exercise using EMG sig-
nals. The method involved investigating the relationship
between biceps fatigue and EMG signals at different max-
imum voluntary contraction levels and co-plotting them
in a global EMG index map. An algorithm based on this
map was developed to predict muscle fatigue and force in
real-time EMG signals with arbitrary maximum volun-
tary contraction levels [37]. Fu et al. (2018) investigated
the impact of exercise intensity on electrical impedance
changes of biceps tissue during a fatiguing isotonic exer-
cise. Resistance and reactance measurements were col-
lected from 18 participants before and after execution
of a fatiguing protocol at two different intensities. This
study found that exercise intensity did not significantly
affect changes in electrical impedance of biceps tissue
during a fatiguing isotonic exercise. This has important
implications for the use of electrical impedance measure-
ments in monitoring exercise-related changes and injury
[38]. Li et al. (2020) utilized numerical and experimental
methods to investigate the local muscle fatigue of the BB
during dynamic and static contractions. Firstly, the elec-
tromechanical behavior of the human upper arm’s skin,
fat, muscle, and bone layers was investigated using the fi-
nite element method (FEM) to construct a three-dimen-
sional model. Secondly, local muscle fatigue was evaluat-
ed using a non-invasive electrical impedance myography

@ European Mechanical Science (2023), 7(4): 209-219

system on ten volunteers. Finally, the study revealed that
there is a linear correlation between resistance and mus-
cle fatigue [39]. Coratella et al. (2023) investigated the im-
pact of different handgrip positions on the activation of
the BB and brachioradialis muscles during dumbbell curl
exercises. EMG measurements in 10 resistance-trained
male subjects revealed that the supinated grip resulted
in higher BB activation, while the pronated grip yield-
ed greater brachioradialis activation [40]. Typically, the
techniques utilized for investigating the mechanical be-
havior of the BB muscle are contingent upon the partic-
ular kind of physical information that researchers seek
to acquire. The open literature includes several investiga-
tions that primarily examine the mechanical behavior of
the BB muscle during different exercises and movements,
but there are no studies supporting each other.

The purpose of this study was to investigate the influence
of different dumbbell weights on the BB muscle during
dumbbell curl exercises, with a particular emphasis on
the assessment of the associated dynamic forces. In this
context, a multifaceted methodology was utilized, en-
compassing motion analysis, FEM, and EMG techniques,
to unveil the concealed biomechanical intricacies gov-
erning muscle behavior during the dumbbell curl exer-
cise. The initial approach entailed motion analysis, which
encompassed the utilization of cameras and markers to
monitor the kinematics of the link during exercise. This
facilitated the quantification of link angle, angular ve-
locity, and acceleration, thereby affording insight into
the muscle’s biomechanical activity during exercise. The
subsequent approach utilized force and torque measure-
ment, which enabled the determination of the magni-
tudes of forces and torques evoked during exercise. This
data was critical for assessing the muscle’s load and work
output, consequently affording valuable insight into the
resultant mechanical stresses on the muscle. The tertiary
methodology comprised FEM, which entailed utilizing
computerized models to emulate the dynamics of the
musculotendinous-bony complex during exercise. This
method allowed for the prediction of the stresses and
strains placed on the muscle, tendons, and bones during
exercise, providing a way to analyze the internal stress-
es and strains that occur in the muscle during exercise.
Finally, the acquisition of EMG signals during exercise
was utilized. EMG involved measuring the electrical ac-
tivity in the muscle during exercise, providing insight
into the activation patterns of the muscle during exercise
and how the muscle functioned during activity. Together,
these methods provided a comprehensive understand-
ing of the changes that occur in the BB muscle during
dumbbell curl exercises with different weights. These
techniques provided complementary information on the
mechanical stresses placed on the muscle, the internal
stresses and strains occurring within the muscle, and the
activation patterns of the muscle during exercise.

This study is potentially novel in the field of biomechan-

ics as it combines several methods to examine changes in
the BB muscle during dumbbell curl exercise. In general,
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the study has the potential to provide valuable insights
into the biomechanics of dumbbell curl exercise and
could contribute to the development of more effective
exercise programs for individuals looking to strengthen
their BB muscle. These methodologies can also be applied
to effectively engage the BB muscle during rehabilitation
processes and monitor the recovery progress. Therefore,
this research holds the potential to offer benefits in the
biomedical and healthcare domains. The organization of
the paper is as follows. The methods of the study are de-
scribed in Section 2. In Section 3, the results of motion
analysis, muscle force, FEM simulations, and EMG anal-
ysis are presented and discussed. Finally, the concluding
remarks are reviewed in Section 4.

2. Materials and Methods

Investigating the effects of the dumbbell curl exercise
on the BB muscle using a combination of motion analy-
sis, FEM, and EMG signals was the central focus of this
study. A simulation model was created to encompass the
forearm, upper arm, elbow joint, and shoulder joint for
this purpose. The mass properties of the body segments
were adapted from previous studies, and the motion
analysis of the dumbbell curl exercise was performed
with a male participant. The Link Segment Model (LSM)
and body mass properties were modeled with MATLAB
Simscape Multibody block diagrams, and the dumbbell
curl exercise was simulated using motion analysis data
with the Simscape Multibody model. In addition, EMG
signals were used to measure the electrical activity of the
muscle during the exercise. The following sections pro-
vide a detailed description of these methods and their
application in this study.

2.1. Biomechanical Model of the Dumbbell Curl
Movement

The LSM consisting of the forearm, upper arm, elbow
joint, shoulder joint, BB, and dumbbells is shown in Fig-
ure 1. It was determined that the forearm and upper arm
were solid bodies. The movement of the shoulder and
wrist joints remained constant since no examination was
conducted on them. In accordance with the Hill muscle
model, the BB was modeled using spring and damping
elements [41]. The composition of this model consists of a
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contractile element (CE), a series element (SE), and a par-
allel element (PE). CE is surrounded by passive connec-
tive tissue. In this model, PE refers to connective tissues,
and SE refers to the force produced by tendons.

The maximum contraction force of the BB according to
the Hill muscle model could be expressed in Equation 1.

[F(x) + a][¥(¢t) + b] = [F(*)max + a]b W
where, F was the muscle force, v was the muscle contrac-
tion velocity, F, was the maximum isometric force, ¢
was the time, x was the muscle strain, a and b were the
contraction constants. The moment generated on the el-
bow joint during the dumbbell curl exercise due to the
force exerted on the BB is mathematically represented by
Equation 2.

M) =F(t)-d @
The moment of reaction, denoted as M, was exerted at
the elbow joint while the distance between the connec-
tion point of the BB and the forearm and the elbow joint’s
center of rotation was represented by d in Equation 2.
Because Equation 1 was structured non-linearly [41],
determining muscle force from joint moment was more
straightforward.

Based on previous studies, the mass, moment of iner-
tia, length of the segment, center of mass location, BB
stiffness, damping constant, and distance from bone at-
tachment point to joint center (d) were determined. Ad-
ditionally, the male participant’s weight and height (70
kg, 174 cm) were measured and utilized as parameters for
the motion analysis study. It is important to note that the
male participant included in the analysis had no reported
health issues and had a background in sports activities.
The anthropometric characteristics of the LSM are listed
in Table. It is worth noting that 5 kg and 10 kg dumbbells
were modeled as thin discs in this study.

2.2. Motion Analysis

The characteristics of a male participant mentioned in
the previous section were subjected to motion analysis.
In this regard, passive markers were placed on the shoul-

Figure 1. Musculoskeletal model of the dumbbell curl exercise. a) LSM, and b) physiological model.
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der joint, the elbow joint, and the dumbbell. The partici-
pant performed the exercise using 5 kg and 10 kg dumb-
bells. The motion analysis was initiated with the forearm
placed parallel to the ground, followed by a curling mo-
tion of the forearm, and terminated with the forearm
assuming its original position, completing the analysis
process. The participant stood and moved at the self-se-
lected speed during the motion analysis. Meanwhile,
the images were captured using a digital video camera
that recorded 30 frames per second. The calculation of
the angular displacement of the elbow joint was carried
out using camera images, with the assistance of the Open
Source Physics video analysis software.

2.3. MATLAB Simscape Structure of the LSM

In this study, the Simscape Multibody tool was used to
prepare the joint model, as presented in Figure 2. Sim-
scape Multibody is a robust and versatile simulation
environment within MATLAB, specifically designed

for modeling and simulating multi-domain physical
systems. The elbow joint was actuated by the “Joint Ac-
tuator” block. The values obtained as a result of motion
analysis were transferred to the model from the file
named ‘R1’ (displacement, velocity, acceleration, time) in
MATLAB Workspace. The solution of the Simscape Mul-
tibody model was done with the inverse dynamics meth-
od (fixed-step, sample time: 0.033) [47]. The moment of
reaction that occurred in the elbow joint was calculated
using the ‘Joint Sensor’ block. Subsequently, muscle force
was calculated according to Equation 2.

2.4. EMG Analysis of BB

In this study, EMG was utilized to assess the biomechan-
ical effects of dumbbell curl exercise on the BB muscle.
EMG measurement [48] was performed to determine
the level of muscle contraction during exercises with dif-
ferent dumbbell weights. The Delsys Bagnoli amplifier,
manufactured by Delsys Inc. and featuring 8 channels

Table. Anthropometric properties. k; spring stiffness, b; damping constant, |; BB length.

Segment Parameters

Body Length (cm) Mass (kg) Moment of inertia (g-cm?) [43] Centre of mass from proximal end
[42] [42] | | | (cm) [42]
XX vy 2z
Upper arm 30.52 1.965 132x103 22x10° 133x10° 13.3
Forearm 26.3 1.123 64.5x10° 88.8x10° 66.9x10° 11.31
BB parameters
k=196 N/m b =49 Ns/m [=25cm d; variable
[44] [41] [41] [45, 46]
(a) (b)
Inverse_dynamics
Fixed_point
’ ixed_point
]z—'x Shoulder

Biceps_brachii OE:,']-O

Wrist

Forearm&hand

Upper_arm

Elbow

Ccs3
& colp—irrs—Rc2 & \
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To Workspace

Elbow_sensor %/‘

motion_data

Figure 2. Dynamic analysis of the dumbbell curl exercise. a) Simulation view. b) Simscape block diagram.
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(b)

Delsys
surface
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Reference
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Figure 3. Representation of dumbbell curl exercise and EMG measurement.

with a total gain of 1000, was used for the measurement.
A Delsys DE surface electrode was placed on the BB
muscle belly on the anterior surface of the upper arm.
The reference electrode is placed in the elbow area of
the upper arm. Figure 3 illustrates the placement of the
reference electrode in the elbow area of the upper arm.
During the measurements, the participant was prevented
from following the EMG measurement screen in order to
focus only on the exercise movements. The EMG signals
recorded during exercises performed with 5 kg and 10 kg
dumbbells were analyzed using Delsys EMG-Works soft-
ware. In general, this study utilized state-of-the-art EMG
techniques to provide a detailed and accurate assessment
of muscle activation during dumbbell curl exercises,
which could be useful in designing effective exercise pro-
grams for individuals seeking to improve biceps strength
and hypertrophy. In section 3, a detailed analysis and
evaluation of the EMG@G results was presented.

2.5. Finite Element Modelling

In this particular study, the FEM was utilized to simulate
the displacement, stress, and strain parameters in the BB
muscle during the performance of dumbbell curl exer-
cise. The construction of the model was accomplished
through the utilization of COMSOL Multiphysics 5.5
software, a prevalent tool for finite element analysis. It is
significant to note that the complex anatomical config-
uration of the elbow joint was modeled in three dimen-
sions using simple geometries reported in the literature
[49]. The boundary components proposed for this joint
are depicted in Figure 4. In the presented model, the
cubes (bone) were interconnected via two small cylinders
(tendons) and a central large cylinder (BB muscle), there-
by establishing an integrated system. In the analyses, the
representative BB muscle, bone, and tendon displayed
respective densities of 1056 kg/m?, 2570 kg/m?, and 1670
kg/m?. Their respective Young’s modulus were 1.162x10°
Pa, 1.0x10' Pa, and 1.6x10° Pa, while their respective
poison ratios were 0.4, 0.3, and 0.497 [49]. The elasticity
and damping constant values of the BB muscle, like many

European Mechanical Science (2023), 7(4): 209-219

other biological tissues, can vary depending on factors
such as age, fitness level, and individual variability. How-
ever, in this study, the elastic constant value for the BB
muscle, as presented in the open literature for numerical
analyses, was assumed to be 3535 N/m, and the damping
constant was taken as 6916 Ns/m [50].

Fixed point

Figure 4. The elbow joint’s configuration for FEM.

It is important to point out that the accuracy and va-
lidity of analysis depend on the quality of three-dimen-
sional model, material properties, and appropriate finite
element selection. In numerical analysis, the proper
choice of finite element type is critical as the elements
have varying capabilities and limitations. Therefore, it is
important to choose the appropriate element type as it
can significantly affect the accuracy and efficiency of the
analysis. It is worth mentioning that the four-node tet-
rahedron type hyperelastic element is widely utilized by
researchers in simulations of biological soft tissues, such
as muscles [51-53]. The geometric shape of the element
is a tetrahedron, which consists of four vertices and four
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triangular faces. In order to approximate the behavior of
a small volume of the muscle being analyzed, the element
is utilized, and nodal values are used to calculate the
stresses and strains within that volume. Thus, this study
extensively investigated the nonlinear behavior of the BB
muscle using a four-node tetrahedron-type hyperelastic
element, which is a nonlinear, continuum-based method.
Furthermore, antecedent to commencing the exhaustive
analysis, the mesh convergence method was judiciously
applied to ascertain the most suitable element and node
quantities. Consequently, 3574 and 14296 were identified
as the optimal element and node numbers, respective-
ly. Subsequent to the delineation of pivotal parameters,
FEM simulations were meticulously executed with a pre-
cision threshold of 0.001. By this method, it is possible to
investigate any parameter such as displacement, strain,
and stress. The results of the mechanical behavior of the
LSM are presented in Section 3.

3. Results and Discussions

In our previous study, the elbow joint moment was quan-
tified via Simscape simulation, followed by the compu-
tation of the corresponding muscle force that took into
account the change in muscle moment arm [8]. The mo-
ment arm distance of BB was adapted from Delp et al.
[45] in accordance with the angular changes of the el-
bow joint. The elbow moment and muscle force of the
BB during exercise with 5 and 10 kg dumbbells were
shown in Figures 5 and 6. It appeared that muscle force
occurred more at the beginning and end of the exercise.
In the dumbbell curl exercise with 5 kg dumbbells, 925 N
of force occurred at the beginning of the exercise, while
with 10 kg dumbbells, 1579 N of force occurred at the
beginning. The force at the end of the exercise with 5 kg
dumbbells was 1103 N, and at the end of the 10 kg ex-
ercise, a force of 2020 N had occurred. In addition, the
average muscle force during exercise was evaluated, re-
vealing average forces 0f 433.9 N and 695.0 N for training
with 5 kg and 10 kg dumbbells, respectively.
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Figure 5. Elbow moment during the dumbbell curl exercise.
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Figure 6. BB muscle force during the dumbbell curl exercise [8].

The results of the EMG measurement, as depicted in
Figure 7, indicated that the maximum amplitude of the
BB muscle during the forearm dumbbell curl exercise
increased with an increase in exercise load. Specifically,
the maximum amplitude of the BB muscle in the exer-
cise performed with a 5 kg dumbbell was 0.795x10° V,
and the maximum amplitude increased to 1.30x10° V
when the exercise was performed with a 10 kg dumbbell.
Even though the exercise weight increased by 100%, the
maximum EMG amplitude increased by 63.5%. Addi-
tionally, the minimum EMG amplitude during exercis-
es performed with different dumbbells was measured as
0.513x10° V and 0.754x10° V, respectively. There was
a 46.9% increase in the minimum EMG amplitude. The
results suggested that as the exercise weight increased,
the muscle activity also increased, which may have been
related to the muscle’s ability to generate more force
to overcome the resistance. However, this increase ap-
peared to be non-linear in comparison to the increase in
exercise weight.

EMG Amplitude (mV)

Cycle (%)

Figure 7. EMG analysis of BB during dumbbell curl exercises.

In the FEM analysis that was conducted (see Figure 8),
the difference in the Young’s modulus of bone (1x10' Pa),
tendon (1.6x10° Pa), and muscle (1.162x10° Pa) tissues
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caused the maximum displacement to occur at the mid-
line of the muscle and the junction surface of the tendon
and bone. The concentration of displacement, stress, and
strain values observed at the midline were the result of a
complex interaction between tissue properties and me-
chanical loading. Nonetheless, the purpose of this study
was to analyze the modifications in the mechanical be-
havior of the BB. Therefore, the effect of forces was inves-
tigated by determining a surface in the midline of the BB.

The results of the numerical analysis revealed that at
2020.80 N (see Figure 9), the maximum displacement,
strain, and stress on the midline surface of the BB were
158.28 pum, 1.27x10% and 1484.97 Pa, respectively. The
muscle force-induced displacement in BB was demon-
strated in Figure 9a. The average displacement during
exercise with 5 kg dumbbells was 34.51 pm, compared
to 55.86 um during exercise with 10 kg dumbbells. More-
over, the maximum displacements achieved were 102.30
pum and 158.28 um, respectively. In Figure 9b, the stress-
strain change in BB was illustrated, and the maximum
stresses experienced during exercise movements were
calculated to be 960.5 Pa and 1484.9 Pa, respectively.

3.1. Mechanical Considerations of LSM

In this study, the mechanical effects of different dumb-
bell weights on the BB were investigated. The muscle
force was determined by means of the MATLAB Mul-
tibody tool. Although the MATLAB Multibody tools
are developed for mechanical analysis of solid bodies,
musculoskeletal systems can be examined in terms of
mechanical aspects [54, 55]. Subsequently, the finite el-
ement model developed in the COMSOL Multiphysics
5.5 was utilized to study the stress-strain behavior of the
BB, depending on muscle force. The muscle force find-
ings showed that doubling the dumbbell weight resulted
in an 83.13% increase in maximum muscle force and a
60.17% increase in average muscle force. The maximum
and minimum EMG amplitudes experienced an increase
of 63.5% and 46.9%, respectively, mirroring the pattern
observed in muscle force. Therefore, it was understood
that there was no linear relationship between weight
gain and muscle force. This situation arose because the
muscle moment arm distance was dependent on the an-
gle of the joint. It can be concluded from these findings
that further increases in exercise weight would not result
in a similar effect on muscle contraction. The research

=107 mm

Figure 8. Displacement analysis of LSM at a) the junction surface of the bone-tendon tissues, and b) the midline of the BB.
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Figure 9. Mechanical behavior of the BB as a function of a) the force-displacement relationship, and b) the stress—strain curve.
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conducted by Bryanton et al. [56] on Scott demonstrated
that increasing barbell load had no discernible impact on
muscle effort with measuring EMG. The results of our
study mirrored this finding.

In light of the pressure and strain findings, it was deter-
mined that the maximum displacement and maximum
strain had increased by 54.72% and 54.59%, respectively,
upon doubling the weight of the dumbbell. Once again,
it is observed that weight gain and the search for pres-
sure and strain are not linearly related. Nevertheless, an
escalation in strain led to an increase in muscle tension.
The research conducted by Leedham and Dowling [57]
showed that stretching the arm from the BB area result-
ed in an increase in the maximum muscle force. These
results were also supported by our findings. The finite
element analysis results indicated that the tendon under-
went more substantial changes, primarily because of the
unique material properties of the tendon tissue.

This study utilized MATLAB R2018b and COMSOL
Multiphysics 5.5 to holistically model muscle, tendon,
and bone tissues. The analyses were carried out with a
sensitivity of 0.001s. The changes that occur at each point
of the model as a result of applying random dynamic
forces were investigated. Consequently, it was evident
that the FEM analysis conducted in this study yielded
accurate mechanical behaviors of LSM, which were con-
sistent with the findings of previous studies.

3.2. Comparison with the State of the Art

In accordance with the investigation, the mechani-
cal behavior of the BB muscle could be compared with
those described in other research that utilized different
methodologies. In previous research, the biomechanical
effects of exercise on the BB muscle were studied using
techniques such as EMG [58, 59], ultrasound imaging
[60, 61], and magnetic resonance imaging (MRI) [62]. In
comparison to EMG analysis, the study provided a more
complete understanding of the mechanical behavior of
the BB muscle during dumbbell curl exercise by utilizing
joint motion analysis and finite element analysis. In con-
trast to EMG analysis, joint motion analysis and finite
element analysis provided extensive insights into muscle
force, moment, and activation patterns. The supplemen-
tary data can assist researchers in comprehending the
interaction between the BB muscle with other muscles
and joints during exercise. Similarly, ultrasound imag-
ing and MRI were useful for evaluating muscle structure
and activation patterns. However, these techniques were
often expensive and time-consuming compared to joint
motion analysis and finite element analysis. Additionally,
ultrasound imaging and MRI did not provide informa-
tion on muscle force and moment, which were critical
in understanding the biomechanics of muscle function
during exercise. Therefore, the joint motion analysis and
finite element analysis methods used in the study pro-
vided several advantages over other techniques in terms
of comprehensively evaluating the biomechanical effects
of exercise on the BB muscle. These methods offered a
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cost-effective and time-efficient way to examine muscle
force, moment, and activation patterns, which were es-
sential for understanding muscle function during exer-
cise. In our previously referenced study [8], these tech-
niques were applied to a single fiber of the BB muscle,
resulting in significant findings. Furthermore, in the
present investigation, an additional EMG approach was
incorporated to scrutinize the biomechanical dynamics
exhibited by the entirety of the BB muscle. Finally, the
study provided valuable insights into the mechanical be-
havior of the BB muscle during dumbbell curl exercise,
and the joint motion analysis and finite element analysis
methods used in the research offered several advantages
over other techniques used in previous studies.

4. Conclusion

It is necessary to perform continuous exercises and
strengthen muscles to achieve high performance levels
in different types of sports. The BB muscle can also grow
with different exercises depending on the position of the
forearm. The BB muscle is a long muscle that sits anteri-
orly to the humerus, characterized by an easily palpable,
oval-shaped bump. It is one of the flexor group muscles
of the forearm and, as the only flexor of the arm, it ex-
tends from the shoulder joint to the elbow joint and acts
on both joints. Therefore, it is particularly important to
strengthen this muscle based on the correct principles.
This is because BB injury is associated with pain and
inflammation and causes limitations in daily activities.
An important point to make is that injuries and pain
in this muscle are usually caused by excessive pressure
and overuse. The techniques used in this paper are cru-
cial for addressing BB muscle injuries and pain because
they provide a comprehensive understanding of the un-
derlying biomechanics. Moreover, the conclusions of
this study have found that the mechanical behavior of
dynamic muscle force generated during a dumbbell curl
exercise was investigated using MATLAB R2018b and
COMSOL Multiphysics 5.5. It was evident from that
research that specialized software programs like Open-
Sim, AnyBody, and LifeModeler, developed exclusively
for muscle mechanics analysis, were not mandatory for
carrying out muscle mechanics studies. The findings of
the study were consistent with the previous literature,
as revealed by the results. Additionally, it was found that
the correlation between muscle force increase and mus-
cle contraction is not linear and that the proposed model
can be easily expanded and applied to other muscles and
exercise movements. This research can help to improve
our understanding of muscles’ response to different loads
and can aid in exercise prescription, muscle training, and
injury prevention. Therefore, the methodologies used in
the study show promise for applications in the biomedical
and healthcare fields. These approaches can be adapted
to design more effective rehabilitation programs, moni-
tor progress, and contribute to the overall well-being of
individuals with specific muscle-related conditions.

It is important to acknowledge certain limitations in this
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study. Firstly, this study involved tests on a single partic-
ipant, who was a healthy individual without any preex-
isting medical conditions. Future studies could explore
the applicability of findings to a broader population, in-
cluding individuals with various fitness levels and clini-
cal conditions. Secondly, the study focused solely on the
BB muscle, and future research could extend its scope
to other muscle groups involved in similar exercises to
provide a more comprehensive understanding of exercise
biomechanics. Additionally, this study primarily exam-
ined short-term effects, and longitudinal investigations
could elucidate the long-term adaptations of the BB mus-
cle to different training regimens. Furthermore, techno-
logical advancements may offer new avenues for more

References

[1] Jarmey, C. (2018). The concise book of muscles. North Atlantic
Books.

[2] Benes, M., Kachlik, D., Lev, D., & Kunc, V. (2022). Accessory
heads of the biceps brachii muscle: A systematic review and
meta-analysis. Journal of Anatomy, 241(2): 461-477. doi:10.1111/
joa.13666.

[3] Eberstein, A. R. T. H. U. R., & Goodgold, J. O. S. E. P. H. (1968).
Slow and fast twitch fibers in human skeletal muscle. Ame-
rican Journal of Physiology-Legacy Content, 215(3): 535-541.
doi:10.1152/ajplegacy.1968.215.3.535.

[4] Allen, G. M., McKenzie, D. K., & Gandevia, S. C. (1998). Twit-
ch interpolation of the elbow flexor muscles at high forces.
Muscle & Nerve: Official Journal of the American Association
of Electrodiagnostic Medicine, 21(3): 318-328. doi:10.1002/(SI-
Cl1)1097-4598(199803)21:3%3C318::AID-MUS5%3E3.0.CO;2-D.

[5] McGinnis, P. M. (2013). Biomechanics of sport and exercise. Hu-
man Kinetics.

[6] Bussey, M. (2002). Sports biomechanics: Reducing injury and im-
proving performance. Routledge.

[7] Landin, D., Thompson, M., & Jackson, M. R. (2017). Actions of
the biceps brachii at the shoulder: a review. Journal of Clinical
Medicine Research, 9(8): 667. doi:10.14740/jocmr2901w.

[8] Asadi Dereshgi, H., Serbest, K., Balik, B., Sahin, S. N. (2022).
Stress-strain response of muscle fibers in biceps brachii under
dynamic force: An analysis of biceps curl exercise. Journal of
Polytechnic, 25: 1777-1783. doi:10.2339/politeknik.1025328.

[9] Asadi Dereshgi, H., Serbest, K., Sahin, S. N., Balik, B. (2022). A
mechanical model and stress-strain response of the biceps bra-
chii under static load. European Mechanical Science, 6: 27-31.
doi:10.26701/ems.1015772.

[10] Lovecchio, N., Maiorano, C., Naddeo, F, Sforza, C. (2010). Biceps
brachii muscle fatigue during isometric contraction: Is antago-
nist muscle fatigue a key factor?. The Open Sports Medicine
Journal, 6: 1-8. doi:10.2174/1874387001307010001.

[11] Sgroi, T. A. (2021). Post-operative Rehabilitation: Biceps Teno-
desis. The Management of Biceps Pathology: A Clinical Guide
from the Shoulder to the Elbow, 235-241. doi:10.1007/978-3-
030-63019-5_19.

[12] Jhan, T, Zutshi, K., & Sethi, A. (2021). Effect of Vibration on
Delayed Onset Muscle Soreness before and after the Eccentric
Exercise in Biceps Brachii Muscle of Females. International Jour-
nal of Preventive Cardiology, 1(1): 4-12.

[13] Fleck, S. )., & Kraemer, W. (2014). Designing resistance training

European Mechanical Science (2023), 7(4): 209-219

precise data collection and analysis.

5. Acknowledgements

This work was supported by the Istanbul Arel Univer-
sity Scientific Research Projects Office under project
number: 2022-ST-002. I would like to acknowledge the
technical support provided by ArelMED-I Application
and Research Center of Istanbul Arel University relat-
ed to the digital measurements. Last but not least, [ am
thankful to my spiritual brother Dr. Kasim SERBEST for
being a steadfast source of support and encouragement
throughout the preparation of this paper.

programs, 4E. Human Kinetics.

[14] Davies, )., Parker, D. F, Rutherford, O. M., & Jones, D. A. (1988).
Changes in strength and cross sectional area of the elbow
flexors as a result of isometric strength training. European jour-
nal of applied physiology and occupational physiology, 57: 667-
670. doi:10.1007/bf01075986.

[15] Lundin, P. (1985). Plyometrics: A review of plyometric training.
Strength & Conditioning Journal, 7(3): 69-76.

[16] Mike, J., Kerksick, C. M., & Kravitz, L. (2015). How to incorpo-
rate eccentric training into a resistance training program.
Strength & Conditioning Journal, 37(1): 5-17. doi:10.1519/
$5¢.0000000000000114.

[17] Peterson, M., Rhea, M., Alvar, B. (2004). Maximizing strength
development in athletes. Journal of Strength and Conditio-
ning Research, 18: 377-382. doi:10.1519/00124278-200405000-
00031.

[18] Schoenfeld, B. )., Peterson, M. D., Ogborn, D., Contreras, B., &
Sonmez, G. T. (2015). Effects of low-vs. high-load resistance tra-
ining on muscle strength and hypertrophy in well-trained men.
The Journal of Strength & Conditioning Research, 29(10): 2954-
2963. d0i:10.1519/jsc.0000000000000958.

[19] Schoenfeld, B. )., Contreras, B., Krieger, J., Grgic, J., Delcastillo,
K., Belliard, R., & Alto, A. (2019). Resistance training volume
enhances muscle hypertrophy but not strength in trained
men. Medicine and science in sports and exercise, 51(1): 94.
doi:10.1249/mss.0000000000001764.

[20] Steele, J., Fisher, )., Giessing, J., & Gentil, P. (2017). Clarity in
reporting terminology and definitions of set endpoints in re-
sistance training. Muscle & nerve, 56(3): 368-374. doi:10.1002/
mus.25557.

[21] Wakahara, T, Miyamoto, N., Sugisaki, N., Murata, K., Kanehi-
sa, H., Kawakami, Y., ... & Yanai, T. (2012). Association between
regional differences in muscle activation in one session of resis-
tance exercise and in muscle hypertrophy after resistance tra-
ining. European journal of applied physiology, 112: 1569-1576.
doi:10.1007/s00421-011-2121-y.

[22] Wilk, M., Stastny, P, Golas, A., Nawrocka, M., Jelen, K., Zajac, A,
& Tufano, J. (2018). Physiological responses to different neuro-
muscular movement task during eccentric bench press. Neuro-
endocrinology Letters, 39(1): 26-32.

[23] Campos, G. E, Luecke, T. J., Wendeln, H. K., Toma, K., Hager-
man, F. C, Murray, T. F, ... & Staron, R. S. (2002). Muscular
adaptations in response to three different resistance-training

https://doi.org/10.26701/ems.1348070 @



Investigating the biomechanics of the biceps brachii muscle during dumbbell curl exercise: A comprehensive approach

regimens: specificity of repetition maximum training zones.
European journal of applied physiology, 88: 50-60. doi:10.1007/
s00421-002-0681-6.

[24] Folland, ). P, & Williams, A. G. (2007). Morphological and
neurological contributions to increased strength. Sports me-
dicine, 37: 145-168. doi: 10.2165/00007256-200737020-00004.

[25] Romiti, M., Finch, C. F, & Gabbe, B. (2008). A prospective co-
hort study of the incidence of injuries among junior Australi-
an football players: evidence for an effect of playing-age level.
British journal of sports medicine, 42(6): 441-446. doi:10.1136/
bjsm.2008.051417.

[26] Wernbom, M., Augustsson, J., & Thomeé, R. (2007). The influ-
ence of frequency, intensity, volume and mode of strength tra-
ining on whole muscle cross-sectional area in humans. Sports
medicine, 37: 225-264. doi:10.2165/00007256-200737030-
00004.

[27] Liao, F, Zhang, X., Cao, C,, Hung, I. Y., Chen, Y, & Jan, Y. K.
(2021). Effects of muscle fatigue and recovery on complexity
of surface electromyography of Biceps Brachii. Entropy, 23(8):
1036. doi:10.3390/e23081036.

[28] Mattiello-Sverzut, A. C.,, & Martins, E. J. (2023). Does the ear-
ly phase of aging affect the morphology of biceps brachii and
torque and total work of elbow flexors in healthy volunteers?.
Brazilian Journal of Medical and Biological Research, 56. do-
i:10.1590/1414-431x2023e12202.

[29] Li, S., Li, H., Hu, Y., Zhu, S., Xu, Z,, Zhang, Q., ... & Xu, J. (2020).
Ultrasound for measuring the cross-sectional area of biceps
brachii muscle in sarcopenia. International Journal of Medical
Sciences, 17(18): 2947. doi:10.7150/ijms.49637.

[30] Nuzzo, J. L. (2023). Narrative review of sex differences in musc
le strength, endurance, activation, size, fiber type, and stren-
gth training participation rates, preferences, motivations,
injuries, and neuromuscular adaptations. Journal of stren-
gth and conditioning research, 37(2): 494-536. doi:10.1519/
js€.0000000000004329.

[31] Barakat, C., Barroso, R., Alvarez, M., Rauch, J., Miller, N., Bou-Sli-
man, A., & De Souza, E. O. (2019). The effects of varying gle-
nohumeral joint angle on acute volume load, muscle acti-
vation, swelling, and echo-intensity on the biceps brachii in
resistance-trained individuals. Sports, 7(9): 204. doi:10.3390/
sports7090204.

[32] Pedrosa, G. F, Simoes, M. G., Figueiredo, M. O,, Lacerda, L. T.,
Schoenfeld, B. )., Lima, F. V., ... & Diniz, R. C. (2023). Training in
the initial range of motion promotes greater muscle adaptati-
ons than at Final in the arm curl. Sports, 11(2): 39. d0i:10.3390/
sports11020039.

[33] Bagchi, A, & Raizada, S. (2019). A comparative electromyog-
raphical analysis of biceps brachii and brachioradialis during
eight different types of biceps curl. Indian Journal of Public He-
alth, 10(5): 730-735. doi:10.5958/0976-5506.2019.01098.2.

[34] Girard, O., Mariotti-Nesurini, L., & Malatesta, D. (2022). Acute
performance and physiological responses to upper-limb mul-
ti-set exercise to failure: Effects of external resistance and sys-
temic hypoxia. European Journal of Sport Science, 22(12): 1877-
1888. doi:10.1080/17461391.2021.2002951.

[35] Serbest, K. (2022). A biomechanical analysis of dumbbell
curl and investigation of the effects of increasing loads on
biceps brachii using a finite element model. doi: 10.21203/
rs.3.rs-1263844/v1.

[36] Watanabe, K., Kouzaki, M., & Moritani, T. (2015). Spatial EMG

European Mechanical Science (2023), 7(4): 209-219

potential distribution of biceps brachii muscle during resistan-
ce training and detraining. European journal of applied physio-
logy, 115: 2661-2670. doi:10.1007/s00421-015-3237-2.

[37] Hwang, H. )., Chung, W. H., Song, J. H., Lim, J. K,, & Kim, H. S.
(2016). Prediction of biceps muscle fatigue and force using ele-
ctromyography signal analysis for repeated isokinetic dumb-
bell curl exercise. Journal of Mechanical Science and Techno-
logy, 30: 5329-5336. d0i:10.1007/s12206-016-1053-1.

[38] Fu, B, & Freeborn, T. ). (2018). Biceps tissue bioimpedance
changes from isotonic exercise-induced fatigue at different
intensities. Biomedical Physics & Engineering Express, 4(2):
025037. doi:10.1088/2057-1976/aaabed.

[39] Li, D., Huang, L., Wen, Y., Gao, Y., Vasi¢, Z. L, Cifrek, M., & Du, M.
(2020). Analysis of electrical impedance myography electrodes
configuration for local muscle fatigue evaluation based on fini-
te element method. IEEE Access, 8: 172233-172243. doi:10.1109/
access.2020.3025150.

[40] Coratella, G, Tornatore, G., Longo, S., Toninelli, N., Padovan, R.,
Esposito, F, & Ce, E. (2023). Biceps Brachii and Brachioradialis
Excitation in Biceps Curl Exercise: Different Handgrips, Diffe-
rent Synergy. Sports, 11(3): 64. doi:10.3390/sports11030064.

[41] Winters, J. M., & Woo, S. L. (Eds.). (2012). Multiple muscle sys-
tems: biomechanics and movement organization. Springer
Science & Business Media.

[42] Gordon, D., Robertson, E., Caldwell, G. E., Hamill, )., Kamen, G.,
Whittlesey, S. N. (2004). Research methods in biomechanics.
Human Kinetics, Champaign.

[43] Chandler, R. F, Clauser, C. E,, McConville, ). T,, Reynolds, H. M.,
Young, J. W. (1975). Investigation of inertial properties of the
human body. Aerospace Medical Research Laboratory, Tech-
nical Report.

[44] Agyapong-Badu, S., Warner, M., Samuel, D., Stokes, M. (2016).
Measurement of ageing effects on muscle tone and mechani-
cal properties of rectus femoris and biceps brachii in healthy
males and females using a novel hand-held myometric device.
Archives of Gerontology and Geriatrics, 62: 59-67. doi:10.1016/j.
archger.2015.09.011.

[45] Delp, S. L., Anderson, F. C, Arnold, A. S, Loan, P, Habib, A.,
John, C., Guendelman, E., Thelen, E. D. G. (2007). OpenSim:
Open-Source Software to Create and Analyze Dynamis Simula-
tions of Movement. IEEE Transactions on Biomedical Enginee-
ring, 54: 1940-1950. doi:10.1109/ TBME.2007.901024.

[46] Tozeren, A. (2000). Human Body Dynamics Classical Mechani-
cs and Human Movement. New York: Springer-Verlag.

[47] Jamshidi, N., Rostami, M., Najarian, S., Menjah, M. B, Saadatnia,
M, Firooz, S. (2009). Modelling of human walking to optimise
the function of ankle-foot orthosis in Guillan-Barre patients
with drop foot. Singapore Med J, 50(4): 412-417.

[48] Khushaba, R. N., Kodagoda, S., Takruri, M., & Dissanayake, G.
(2012). Toward improved control of prosthetic fingers using sur-
face electromyogram (EMG) signals. Expert Systems with App-
lications, 39(12): 10731-10738. doi: 10.1016/j.eswa.2012.02.192.

[49] Ford, ). M. (2013). Skeletal Muscle Contraction Simulation: A
Comparison in Modeling. Ph.D. thesis, University of South Flo-
rida.

[50] Gherasim, D. M., Arghir, M. (2021). Study of the Free Vibrations
Over the Muscular System of the Human Body. Part I: Mecha-
nical Characteristics of the Left Deltoid. Acta Technica Napo-
censis-Series: Applied Mathematics, Mechanics, and Enginee-
ring, 64(1): 123-128.

https://doi.org/10.26701/ems.1348070



Hamid Asadi Dereshgi

[51] Modi, V., Fulton, L., Jacobson, A., Sueda, S., Levin, D. I. W. (2020).
EMU: Efficient muscle simulation in deformation space. Com-
puter Graphics Forum, 40: 234-248. doi:10.1111/cgf.14185.

[52] Teran, )., Blemker, S., Hing, V. N. T,, Fedkiw, R. (2003, July). Finite
volume methods for the simulation of skeletal muscle. In Pro-
ceedings of the 2003 ACM SIGGRAPH/Eurographics symposi-
um on Computer animation (pp. 68-74).

[53] Asadi Dereshgi, H., Serbest, K. (2022). A finite element model
of the deltoid muscle and biomechanical analysis of the stan-
ding dumbbell fly for shoulder exercises. Journal of the Brazi-
lian Society of Mechanical Sciences and Engineering, 44: 439.
doi:10.1007/s40430-022-03745-Y.

[54] Cilli, M., Serbest, K., Kayaoglu, E. (2021). The effect of body we-
ight on joint torques in teenagers: Investigation of sit-to-stand
movement. Clinical Biomechanics, 83: 1-6. doi:10.1016/j.clinbi-
omech.2021.105288.

[55] Serbest, K., Berisha, M., Cilli, M. (2018). Dynamic analysis of th-
ree different high bar dismounts in the Simmechanics environ-
ment. Journal of Mechanics in Medicine and Biology, 18: 1-11.
doi:10.1142/5S0219519418500306.

[56] Bryanton, M. A,, Kennedy, M. D,, Carey, ). P, Chiu, L. Z.F. (2012).
Effect of Squat Depth and Barbell Load on Relative Muscular
Effort in Squatting. Journal of Strength and Conditioning Rese-
arch, 26: 2820-2828. doi:10.1519/jsc.0b013e31826791a7.

[57] Leedham, J. S., Dowling, J. J. (1995). Force-length, torque-angle
and EMG-joint angle relationships of the human in vivo biceps
brachii. European Journal of Applied Physiology and Occupati-

European Mechanical Science (2023), 7(4): 209-219

onal Physiology, 70: 421-426. d0i:10.1007/bf00618493.

[58] Chatfield, L. T, Pretty, C. G., Fortune, B. C,, McKenzie, L. R,
Whitwham, G. H., & Hayes, M. P. (2021). Estimating voluntary
elbow torque from biceps brachii electromyography using a
particle filter. Biomedical Signal Processing and Control, 66:
102475. doi:10.1016/j.bspc.2021.102475.

[59] Bailey, C. A., Yoon, S., & C6té, ). N. (2021). Relative variability in
muscle activation amplitude, muscle oxygenation, and muscle
thickness: Changes with dynamic low-load elbow flexion fati-
gue and relationships in young and older females. Journal of
Electromyography and Kinesiology, 59: 102553. doi:10.1016/j.
jelekin.2021.102553.

[60] Mechtenberg, M., Grimmelsmann, N., Meyer, H. G., & Schne-
ider, A. (2022). Manual and semi-automatic determination of
elbow angle-independent parameters for a model of the biceps
brachii distal tendon based on ultrasonic imaging. Plos one,
17(10): €0275128. d0i:10.1371/journal.pone.0275128.

[61] Stragier, S., Baudry, S., Carpentier, A., & Duchateau, ). (2019). Ef-
ficacy of a new strength training design: the 3/7 method. Euro-
pean journal of applied physiology, 119: 1093-1104. doi:10.1007/
s00421-019-04099-5.

[62] Stokes, T, Tripp, T. R., Murphy, K., Morton, R. W., Oikawa, S. Y.,
Lam Choi, H., ... & Phillips, S. M. (2021). Methodological con-
siderations for and validation of the ultrasonographic deter-
mination of human skeletal muscle hypertrophy and atrophy.
Physiological reports, 9(1): €14683. doi:10.14814/phy2.14683.

https://doi.org/10.26701/ems.1348070 @



