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 Uniaxial mechanical testing has been applied to examine the mechanical properties of 
biological tissues. Previously, skeletal muscles have been rarely being examined for 
characterization of their mechanical properties as indicator of human or animal muscle 
tissue physical integrity. The uniaxial mechanical testing provides an insight on the 
quasi-static stress-strain relationship thus estimates values of the Young’s Modulus 
(YM) of mechanically functioning biological specimens. This study discusses the use of 
uniaxial mechanical testing protocol on five different bovine forelimb muscles. The 
examined muscles were obtained fresh from four slaughtered bovine forelimbs and 
tested fresh and preconditioned using an Instron Uniaxial Testing Machine (IUTM) to 
determine their mechanical properties. YM values are obtained using Bluehill software 
attached to the IUTM and also calculated for each muscle from the slope of stress-strain 
curves to compare the muscle mechanical properties. The results revealed that FCR 
muscle has the largest YM value of 4.18±3.68 MPa while triceps muscle has the 
smallest YM value 0.16±0.14 MPa at a constant strain rate. YM values of the tested 
muscles indicate that specified muscle has its own mechanical tensile strength in 
optimizing their biomechanical physiological functions. 
 
 

© 2013 AENSI Publisher All rights reserved. 
To Cite This Article: F.S. Abdalla, F. Mohamed and A.S. Rambely., Biomechanical Characterization of Bovine Forelimb Muscles. Adv. 
Environ. Biol., 7(14), 4550-4556, 2013 

 
INTRODUCTION 

 
Uniaxial mechanical testing has been used as a technique to investigate and measure the mechanical 

properties of biological tissues [1,2,3,4,5,6]. Several methods have been used to characterize the mechanical 
properties of different biological tissues, such as ultrasound methods [7,8,9,10] as well as the uniaxial 
mechanical testing which has been the interest of this study. Besides, different biological tissues have been 
investigated utilizing the aforementioned methods to determine the mechanical behavior. Edsberg et al. [11] 
mechanically investigated the human skin through uniaxial tensile testing, Daar et al. [1] determined the 
mechanical properties of bovine pericardium and Garcia Paez et al. [3] studied the mechanical behavior of pig, 
calf and ostrich pericardium. Besides, the mechanical properties of brain tissues have been also investigated by 
Miller [4]; nevertheless, skeletal muscle tissue has been rarely being reported [12,8,6]. Among the earlier studies 
on mechanical testing of biological tissues [1,13,2,11], the studies on skeletal muscles are still lacking [7,8,5,6]. 
However, in this study, unaxial mechanical testing was utilized using an Instron Mechanical Testing Machine to 
characterize the mechanical properties of five bovine forelimb muscles; Biceps, Triceps, Brachialis, FCR and 
ED. The desired muscles were considered to precisely identify [15,16] their anatomical location and shape of 
the muscles to simplify the dissection and isolation as following: 

Biceps muscle is a strong biarticular muscle bridging the shoulder and the elbow joints. It was traced at its 
beginning on the supraglenoid tubercle of the scapula which passes over the extensor side of the shoulder joint 
through the intertuberal and runs distally along the craniomedial aspect of the humerus. Biceps muscle functions 
as flexor of the elbow joint as well as fixes the shoulder and elbow in standing. 

The triceps muscle is composed of three heads and is the largest muscle of the forelimb which works as 
extensor of the elbow and flexes the shoulder joint. The triceps muscle fills the triangular area between the 
caudal border of the scapula, the humerus and the olecranon into the direction of the withers and is clearly 
visible, the long head arises from the caudal margin of the scapula and inserts on the lateral and posterior part of 
the ulna, the lateral head arises from the lateral aspect of the shaft of the humerus and its tendon of insertion on 
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the olecranon of the ulna, in addition to the medial head which arises from the medial aspect of the shaft of the 
humerus and inserts on the medial surface of the olecranon of the ulna.  

Brachialis muscle is elbow flexor. It winds over the lateral surface in the spiral groove of the humerus, 
finally reaching the medial side, where it inserts on the radial and ulnar tuberosities which ends with one tendon 
on the medial aspect of the radius, just distal to the biceps muscle to insert on the interosseous membrane of the 
elbow joint.  

FCR muscle lies on the medial side of the forearm caudal to the border of the radius, directly under the skin. 
It arises from the medial epicondyle of the humerus, passes over the flexor side of the carpus, and inserts on the 
proximal end of the third metacarpal bone. FCR flexes the carpal joint and extends the elbow. 

 ED muscle lies laterally to the extensor carpi radialis which assists the long extensor. It originates from the 
lateral collateral ligament of the elbow joint, the radius and the ulna. It ends from a long tendon of insertion on 
the extensor process of the distal phalanx of each functional digit.  

The aim of this work is to investigate the mechanical properties of the muscles from the estimation of the 
YM values for each bovine muscle under uniaxial load at a consistent strain rate.  

 
MATERIALS AND METHODS 

 
Four male and healthy bovines at around 24 months old were sacrificed to obtain their forelimb muscles. 

The bovines were then dissected after approximately 30 minutes to obtain muscles specimens. After two hours, 
specimens were tested fresh hydrated in a normal saline (normal water) solution to keep their physiological state 
intact [17]. Five different muscles, biceps brachii, triceps brachii, brachialis, FCR and ED, were selected as 
reprentataive specimes of the bovine muscle specimens. For each muscle, three specimens provided and 
preconditioned were done for each sample. Thus there are in total 15 specimens recorded. The muscles were 
mechanically tested using IUTM at the lab of mechanical testing in faculty of engineering, University 
Kebangsaan Malaysia (UKM). 

The muscle samples were kept in a normal saline to retain their physiological conditions packed in an iced 
container along its way to the mechanical lab. 

The specimen preparation also involving clamping mechanism as in Figure 1 fitted to the transducer of 
IUTM. Sticky tapes were used to avoid slipping from the machine grips right after sample dimension were 
recorded. The cross-sectional areas of tested muscles were estimated and recorded in the Bluehill software 
system from the provided sample dimensional data. The uniaxial mechanical tests were initialized by collecting 
initial preconditioning loading data. 

 

 
Fig. 1: Clamping mechanism of a bovine muscles being prepared for IUTM. 

 
Preconditioning was conducted to ensure the mechanical properties of the specimens are stable and 

mechanically reliable during cyclic loading and unloading. Preconditioning of muscle samples was needed to 
establish a standardized initial condition for the samples and is considered necessary to get accurate mechanical 
measurements of biological tissues. The preconditioning was conducted with taking into consideration that the 
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strain remains within the elastic region of stress-strain curve. Data were collected at the third conditioning cycle 
parallel to the direction of muscles fibrillar axis to determine YM values. 

The Young’s modulus values were determined from the linear part of stress-strain curve for each tested 
muscle which has been calculated from the following: 
 
𝐸𝐸 = 𝜎𝜎

𝜀𝜀
             (1.1) 

 
𝜎𝜎 = 𝐹𝐹

𝐴𝐴
       and     𝜀𝜀 = ∆𝑙𝑙

𝑙𝑙0
            (1.2) 

 
where 𝐸𝐸  is the YM of tested muscle, 𝜀𝜀 is the strain rate, 𝜎𝜎 is the mechanical stress applied to the muscle 

specimens, 𝐹𝐹 is the muscle force, 𝐴𝐴 is the cross sectional area of muscle specimens, ∆𝑙𝑙 is the change in length of 
muscle specimen, and 𝑙𝑙0 is the original length of muscle specimen. 
 
Results: 

Mechanical properties of bovine forelimb muscles as tested using IUTM were obtained by conducting 
tensile force-extension test for all muscles. These data were then utilized to plot stress-strain curves for each 
muscle. The stress-strain curves plotted for each muscle are shown in Figure 2-6. In the graphs, each muscle 
demonstrates a non-linear stress-strain behavior of the specimens.  

Force-extension curves were plotted for all the tested muscles to determine the YM values  to plot the  
stress-strain curves. The force-extension curves for all samples exhibit specimens are behaved consistently 
during mechanical cyclic loading and unloading thus provide information on  geometrical consistency 
throughout mechanical testing. 

A representative stress-strain curves for  muscles at constant strain rate of 5 mm/min is shown in Figure 2-
6. Stress-strain curves for each  muscle is plotted and three different regions of the curve were identified as toe 
region representing  initial quasi-elastic part of the graph, linear representing elastic part and deformed plastic 
region  representing non-linear deformed part of the graph. 

Stress-strain curve of biceps muscle was plotted and its YM value was found 2.89±3.01 MPa as in Table 1. 
The stress-strain curve is partitioned into three parts, the first part is the physiological region where muscle 
usually functions [17]. The toe part extended till the initial 6% of strain whereas the linear region of the stress-
strain curve of biceps muscle was extended as 6-12% as shown in Fig. 2. 

 
 
Fig. 2: show a typical non-linear stress-strain curve of a bovine biceps taken at the third preconditioning cycle 

during mechanical testing.  
 
For the triceps muscle, the elastic region extends from 0 to 32% of strain whilst the linear part  are from 32-

43 % where the YM value was estimated to be 0.16±0.14 MPa as how in figure 3. This is the least YM value 
compared to the other muscles tested as seen in Table 1. 
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Fig. 3: show a typical non-linear stress-strain curve of a bovine triceps taken at the third preconditioning cycle 

during mechanical testing. 
 
The first part of  the typical stress-strain curve of brachialis muscle is similar  as other muscles as initial 

elasticity is  shown upto 20% of strain. YM value of brachialis muscle is to be 0.26±0.20 MPa. The linear part 
of the curve extended from 20-32% of strain to enter the nonlinear part until the deformed platic region. 

 

 
Fig. 4: show a typical non-linear stress-strain curve of a bovine brachialis taken at the third preconditioning 

cycle during mechanical testing. 
 
As shown in Fig. 5, stress-trsain curve for FCR muscle  also attributed to toe, linear  and non-linear regions. 

The importantlinear part is used to determine the YM value. The YM value iss 4.18±3.68 MPaextends 
throughout 8-12% of strain to extends the non-linear part  beyond the latter strain. 
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Fig. 5: show a typical non-linear stress-strain curve of a bovine FCR taken at the third preconditioning cycle 

during mechanical testing. 
 
Stress-strain curve of ED muscle behaved typically non-linear with estimated YM at 0.78±0.15 MPa.The 

curve is also can be divided into three parts, the first part extended till the initial 12% of strain whereas the 
linear region of the stress-strain curve of this muscle was extended between 12-20% as shown in Fig. 6. 

 
Fig. 6: show a typical non-linear stress-strain curve of a bovine ED taken at the third preconditioning cycle 

during mechanical testing. 
 
Averages and standard deviations (STD) of the tested muscles were determined to examine the YM values. 

STD of triceps muscle was found to be the lowest value (0.14) among other STD values, whereas STD of biceps 
and FCR muscles were the highest ones to be 3.01 and 3.68, respectively. There was no statistically significant 
difference between YM means of tested muscles as determined by one-way ANOVA (p-value = 0.152 > 0.05). 

Table 1 tabulates the mechanical parameters of the tested forelimb muscles. The magnitude of variation is 
relatively large reflecting variation on typical biological samples as reported by Fung (1993). As initiated by 
one-way ANOVA analysis, FCR and biceps muscles have the highest YM values while triceps muscle is the 
forelimb muscle having lowest YM value. 
 
Table 1: YM values are the tabulated Young’s modulus values of bovine forelimb muscles, where YM=mean ± standard deviation. 

Bovine muscle Original Length (mm) Strain Rate (mm/min) Thickness 
Range 
(mm) 

Length Range 
(mm) 

YM 
(MPa) 

Bic 100 5 25-30 100-225 2.89±3.01 
Tri 170 5 50-60 150-170 0.16±0.14 
Bra 85 5 25-40 60-83 0.26±0.20 
FCR 100 5 12.5-15 50-67 4.18±3.68 
ED 50 5 15-20 80-110 0.78±0.15 
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Discussion: 

Testing the mechanical properties of biological tissues does not differ in principle from testing industrial 
materials [17]. As shown in the stress-strain curve behavior for each muscle has a pattern similar to the 
industrial materials as reported by Tian et al. [18] and Zhang et al. In the stress-strain curves, the geometrical 
behaviors of the stress-strain graphs ensured that the physiological properties are still intact.  

The triceps has the smallest value of YM which indicates that it is more elastic than other muscles whereas 
FCR and biceps muscles have the largest values which reflects that they are stiffer than the other tested muscles. 
The large YM values of FCR and biceps muscles may be due to their functions as flexors of bovine forelimb 
while triceps muscle has the smallest YM value possibly because triceps muscle is relatively larger and stronger 
than others.  

Based on one-way ANOVA finding, the results showed no significant difference between the averaged YM 
values. Heterogeneous mechanical behavior and variation in sample geometry are predicted to be the causal 
effect.  A significant difference is expected only if the specimens are mechanically homogenous but this is not 
the case in this experiment in relation to inter-specimen variation among the tested muscles, which is typical for 
biological specimens. 
 
Conclusion: 

In this study, five bovine forelimb muscles were uniaxially elongated to investigate the mechanical 
properties and determine YM values. The provided YM values of the tested muscles as well as stress-strain 
curves were plotted via obtained data. Results demonstrated that FCR muscle has the largest value to be 
4.18±3.68 MPa whereas triceps muscle has the smallest value 0.16±0.14 MPa. The obtained p-value was found 
less than 0.05 to indicate there is no significant difference among YM values. The data obtained from uniaxial 
mechanical testing on bovine forelimb muscles is found to be useful especially to those related to mathematical 
modeling of muscle mechanics and towards better understanding of degenerative muscular diseases. 
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