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Abstract-Considering coupled electromechanical properties 
of biological soft tissues is an innovative characterization of 
most soft tissues, this paper reports our experimental 
observation on electromechanical properties of frog sartorius 
muscles including the experiment design, test sample 
preparation, test results and analysis. The experiment results 
indicate that the electric potential generated in the frog muscle 
tissues varies with external mechanical loadings.  The electric 
voltage increases with an increase in the frog muscles 
deformation. This phenomenon is found to be loading cycle 
and frequency dependency. The experiment results 
demonstrated that frog muscle tissues can convert their 
mechanical deformations into electrical signals significantly.  
The experiment work here is an essential step in 
understanding the complex electromechanical behaviour of 
biological soft tissue. It may lead to further research in 
determining quantitatively the complex electromechanical 
properties of biological soft tissues.   
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I. INTRODUCTION 

One of the important characteristics of biological soft 
tissues, such as cartilage, muscles and tendons, is that they 
can convert their mechanical deformations into electrical 
signals and vice versa. This is known as the piezoelectric 
effect of biological soft tissues. That means the endogenous 
electric fields in soft tissues can be varied by external 
mechanical loadings.  

Investigating the piezoelectric properties of biological 
soft tissues is an innovative approach to analyse the multi-
field behaviour of soft tissues. In 1957, Fukada [1] 
indicated that piezoelectricity could be demonstrated in 
many types of biological materials including bone, tendon, 
collagen, proteins and DNA.  Later, Shamos and Lavine [2] 
viewed, “Piezoelectric as a Fundamental Property of 
Biological Tissues”. Basset [3] expanded the understanding 
of Shamos and Lavine’s mechanism by reviewing the 

biological significance of piezoelectricity. Recently, Qin, 
and Ye [4] presented a theoretical solution of internal bone 
remodelling under thermal, electrical and mechanical loads. 
Jayasuroya et al [5] measured piezoelectric and mechanical 
properties of bovine and human cornea. Hammer [6] 
claimed piezoelectricity as a healing property of biological 
soft tissue. 

Electrical correlations of physiological function have 
been investigated widely though spasmodically for more 
than 100 years. However, there is still a lack of critical 
understanding of the complex electromechanical behaviour 
of biological soft tissues. This paper aims to understand the 
electromechanical behaviour of biological soft tissues by 
experiments. A set of controlled electromechanical tests and 
biological examinations were performed by using both fresh 
and dead frog sartorius muscle tissues.  

II. STUDY METHODS

A. Preparation 
Fresh sartorial muscles were obtained at sacrifice from 

living frogs in the biomedical engineering laboratory of 
Tianjin University, China. Anaesthetics were discouraged 
to use as they might adversely affect the physiological 
properties of the soft tissues.  The adult frog sartorius 
muscles were carefully dissected with the Achilles tendon 
to avoid the connection of the connective tissues.  Plastic 
strings were used to tie up both ends of the muscle for non-
conductive purposes between the test machine and the 
tissue sample.  The soft tissues were placed in small glass 
chambers filled with Ringer’s solution immediately after 
they were separated from the frog body. The sizes of the 
muscles were about 25mm to 27mm in length and 3mm to 
5mm in width. A modified Ringer’s solution, potassium 
solution was used; for depolarizing frog muscles. Table 1 is 
the comparison of normal and modified Ringer’s solutions.  

B. Test instrument setup 
The muscle tissues were performed on displacement 

control dynamic mechanical loadings. A strain control 
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mechanical tester, Fatigue Test Machine (Instron 1343 UK)
was used to carry out all the mechanical measurements.  In 
order to carry out accuracy of the experiments, a force
sensor with 50N force range was attached to the top clip of
the Instron for the very soft biological tissues. Two similar
silver electrodes, 40mm in length and 0.5mm in diameter
were inserted into both ends of the muscle for the
measurements of the generated potentials. A Faraday shield
box was used to minimize the possible noise.

TABLE 1
THE COMPOSITION OF NORMAL RINGER’S SOLUTION AND MODIFIE
POTASSIUM SOLUTION. THE CHEMICAL CONTAINER IS FOR THE ONE LITR
CONCENTRATION SOLUTION.

Salt Molarity Potassium Normal

NaCl 4.5mM 0.26g 6.000g

NaHCO3 2.4mM 0.202g 0.202g

KCl 100mM 7.47g 0.142g

NaH2PO4 0.42mM 0.050g 0.050g

CaCl2 1.44mM 0.109g 0.109g

Glucose 16.8mM 2.000g 2.000g

The tissue sample was properly held by both upon and
lower clip of the machine along with its fibre direction.
Before the test was started, the tissue sample was held
straight without any mechanical loading. The deformation
of the sample was applied by the moving the lower clip of
the machine and measured by the force sensor, which was
connected to the top clip of the machine.  The displacement
of the sample was controlled by the machine.  The lower
clip of the machine was driven at a square waveform of 1Hz
frequency and the upper clip was stationary.  The applied
tensile force to the sensitive sensor was amplified and
recorded. A Bioamplifier BMA-931 with the High-
Impedance Head-Stage Super-Z (DATAQ Instrument, USA)
was employed to record the frog tissue’s electric potential,
which was generated by the mechanical loadings.  This
biomedical amplifier has the resolution of 60 µV.  The frog
tissue’s electrical potentials were recorded and amplified.
The test data then were transferred to a personal computer
for further analysis.  A custom developed computer
software system was employed to process the test data. The
schematic diagram of setting up the test instruments is 
shown in Figure 1. 

Figure 1, The schematic diagram of setting up test instruments.

III. MECHANICAL-ELECTRIC MEASUREMENT RESULTS AND
ANALYSIS

Some static electric activities were measured in the frog
tissues prior to the tissue sample measurement in order to
compare the potential that generated afterward.  Meanwhile,
all of the tissue samples were conduced preconditioning
prior to the mechanical measurements and the electric
activities in the sample were monitored.  The dynamic
mechanical measurements were conducted by deformation
control methods. Along with time, the electric potential and
the force applied to the tissue were recorded in parallel.
During the test, the tissue sample was applied 2mm
deformation firstly with ten cycles of 1Hz loading rate.
Afterward, different deformations ranged from 2mm to
10mm were applied individually to the same sample.  Each 
measurement was taken for the duration of approximately
twenty seconds.  Figure 2 shows the measured mechanical
forces and electric  potential of dead frog sartorius muscles.
Note that the dead frogs were stored in a -20oC freezer for
about 24 hours. In this test 2mm deformation was applied
for 10 cycles and 1Hz dynamic loading. Prior to the test, the
tissue samples ware depolarized by bathing in potassium
Ringer’s solution to avoid bioelectricity effects.

It is observed that there are significant electrical signals
generated in the frog tissue, which is increasing with the
mechanical loading cycles.  The electric signals move
gradually to the steady state once the oscillation stopped.
The test results demonstrated that frog muscle tissues
produced electric potentials in response to the external
mechanical loadings. Therefore, such results indicated frog 
muscle tissues might belong to the class of piezoelectric
material.

In order to enhance our understanding on mechanical-
electrical behaviour of frog muscle tissues, several tests
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were conducted on the same sample afterward.  Firstly, 
3mm deformation was applied to the sample with the same
frequency and loading cycle.  Then 5mm and 6mm
deformation were applied to the sample with the same
conditions. Figure 3 shows the comparison of these test 
results. In Figure 3, force2 and volage2 are the tissue which
was conducted with 2mm deformation, and so on. The
results also demonstrated that the generated electric voltage
increases with an increase in the deformation. However, the
electromechanical properties can yield insight into the 
microstructure of the tissues. The collagen fibres may have
been broken under higher deformation.  The variation of
applied force with different deformation showing in Figure
4 confirmed this phenomenon. The applied mechanical
forces were increasing while the deformation growing.

Some fresh frog tissues were tested for comparison
purpose.  The fresh muscle tissues were obtained
immediately after the animal was sacrificed and bathed in
the potassium solution for about one hour.  The mechanical
tests were conducted in the same way as for the frozen
tissue. Figure 5 shows the experiment results.  It is clear
that the electric potential increases along with an increasing
in the deformation, regardless dead or living frog tissues.
These experimental results indicated that the endogenous
electric fields in frog soft tissues can be changed by
external mechanical loadings.
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Figure 2, The mechanical-electric measurement for the dead frog muscles.
The test was conducted on 2mm deformation with 10 cycles and 1 Hz 
dynamic loading.
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Figure 3, The mechanical-electric measurement for dead frog muscles.
The tests were conducted on 2mm, 3mm, 5mm and 6mm deformation with
10 cycles and 1Hz dynamic loading
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Figure 4, The mechanical forces recorded at mechanical-electric
measurement for dead frog muscles.  The tests were conducted on 3mm,
4mm and 5mm deformation with 10 cycles and 1Hz dynamic loading 
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Figure 5, The mechanical-electric measurement for living frog muscles.
The test were conducted on 3mm, 4mm and 5mm deformation with 10
cycles and 1 Hz dynamic loading 
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IV. DISCUSSION AND CONCLUSIONS

Maintaining the stable material conditions during testing 
is difficult to achieve. The volumes of the measured tissue 
samples always slightly vary, even under identical 
preparing conditions.  Therefore, the properties of frog soft 
tissues vary considerably from sample to sample. Natural 
biological variation between different tissue samples is one 
of the most significant sources of error in obtaining 
uniformity in properties with time. In most cases, the test 
specimens were selected from different animals.  Then the 
exact behaviour varies from one to the other.  Therefore, it 
is not possible to get identical experimental results even 
under identical test conditions.  

One of the other effects of the soft tissue mechanical-
electrical measurements could be injury potential, which is 
caused by the electrodes which were inserted into the 
muscle.  In order to minimize such a potential effect, the 
smaller size silver electrodes were selected. And the tissues 
were depolarized as they were bathed in potassium solution.    

Unlike solid materials, biological soft tissues belong to 
the class of rheological materials that exhibit large 
deformations during mechanical loading. Owing to their 
high water content, biological soft tissues are taken to be 
incompressible. They exhibit characteristic strain rate and 
loading time sensitivity.  Therefore, there are a potential 
that the mechanical-electric behaviour varies with 
percentage of their water content and the incompressibility.  
Furthermore, biological soft tissues have their 
viscoelasticity, strain rate and time scale sensitivities.   

Based on the experimental results, we found that: 
The frog sartorius muscles exhibited significant electric 
signals in responding to the dynamic mechanical 
loadings, which indicated that frog sartorius muscles 
can be alternated by external mechanical forces 
significantly, 
The electric voltage in the frog sartorius muscles grows 
with an increase in deformation, 
The electromechanical behaviour of frog sartorius 
muscles has loading cycle and frequency dependence.  

The experiment work reported in this paper is an 
essential step for identifying the electromechanical 
behaviour of biological soft tissues. It may lead to further 
research in determining quantitatively the complex 
electromechanical properties of biological soft tissues.  
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