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Abstract. Experimental studies of the electrical conductivity of whole 
berries, peels, and pulp of apples and grapes were carried out according to 
the methods that the measurement voltage should not exceed the threshold 
and the measurement time should be minimal, and mechanical damage to 
the cells during contact with the electrodes was not allowed. To study the 
electrical conductivity (electrical resistance) of apples, grapes, and their 
constituent elements, a device is developed that represents a  
three–electrode system. The study of the specific volume resistance of the 
pulp of apple and grape. Development of a methodology for                                              
a three–electrode system to determine the electrical conductivity of the 
pulp and skin of fruits and grapes. Three–electrode system showed 
sufficient accuracy for apple and grape the electrical conductivity. The 
volumetric resistance of the skin was much greater than the pulp. The 
tissue resistance of fruits and grapes with an increase in the frequency of 
the measuring current decreases exponentially. 
 
Key words: Biological materials, cellular structures, electric current, 
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1 Introduction 
The practical interest in pulsed electrical processing of biological objects is primarily 
associated with a non–thermal increase in the permeability of cells in an electric field [1, 2]. 
Dielectric breakdown [3] or called electroplasmolysis [4−6] of biological cells occurs as a 
result of the formation and growth of pores in cell membranes polarized by an electric field 
[7, 8]. In food technologies, pulsed electric processing is used for non–thermal 
pasteurization of liquid products [2, 9] and the intensification of mass transfer processes in 
plant tissues [10, 11]. It is proposed to use electroplasmolysis in industries related to the 
processing of plant materials as an additional method to increase the efficiency of processes 
such as pressing [12], separation centrifugation [13, 14], extraction [15, 16], osmotic  
dehydration [17], drying [18, 19]. The effectiveness of these processes is determined by the 
structural properties of raw materials. Therefore, a change in these properties as a result of 
electroplasmolysis of plant tissue is an important factor in optimizing the conditions of both 
the electric processing itself and its combination with other methods of processing raw 
materials [11, 20]. 
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The nature of electroplasmolysis and pore localization have not been studied yet.  
The generally accepted mechanism of electrical destruction of suspended cells, such 
asmicroorganisms and red blood cells, is the formation of pores in the lipid matrix of cell 
membranes [21]. Electroplasmolysis of cells of biological tissues (plant and animal) can 
also be explained by electroporation of cell membranes [11] and violation of the integrity of 
cell walls [22]. In this case, the plasmolysis of cells proper is observed, accompanied by 
leakage of juice from cell wall and a decrease in the volume of vacuole [23, 24]. However, 
the mechanism of the influence of the electric field on the cell walls is poorly understood 
and remains largely unclear. 

The measurement of the electrical conductivity of living tissue is carried out at a 
minimum value of the Alternating Current (AC) potential in a wide frequency range. 
Moreover, at low frequency, the capacitance during the measurement is very significant. 
This is primarily due to electrode polarization, which manifests itself as a result of the 
accumulation of a space charge at the boundary of the electrode with the test substance 
[25]. 

Experimental studies of the electrical conductivity of the whole berry, peel, and pulp of 
apples and grapes were carried out according to existing methods [26−28], taking into 
account that the measurement voltage should not exceed the threshold and the measurement 
time should be minimal, and mechanical damage to cells upon contact with the electrodes is 
not allowed. 

2 Material and methods 
To study the electrical conductivity (electrical resistance) of apples, grapes, and their 
constituent elements, a device was developed that represents a three–electrode system 
consisting of plate potential and ring electrodes made of stainless steel (Figure 1 and  
Figure 2). 

 
Fig. 1. Schematic diagram of the stand for measuring volumetric electrical resistance ( v ). 

 
Fig. 2.  Schematic diagram of the stand for measuring surface resistance ( s ): Г – signal generators 

GZSh–33; SA – switch; Э – electrodes; РA – milliammeter; О –sample. 

The experiments were carried out as follows. A sample was cut from an apple into the 
shape of a plate and placed between the electrodes. To ensure reliable contact of the 
electrodes with the surface of the sample, a certain pressure was created from the outside of 
the electrodes. The pressure force values were determined according to the conditions of 
maintaining the mechanical integrity of the tissue cell (for example, for grapes – 10 000 Pa, 
for apples – 11 000 Pa). 
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The experiments were carried out as follows. A sample was cut from an apple into the 
shape of a plate and placed between the electrodes. To ensure reliable contact of the 
electrodes with the surface of the sample, a certain pressure was created from the outside of 
the electrodes. The pressure force values were determined according to the conditions of 
maintaining the mechanical integrity of the tissue cell (for example, for grapes – 10 000 Pa, 
for apples – 11 000 Pa). 

After measuring the biopotential, the voltage was applied to the opposite surfaces of the 
sample to the electrodes, and every 30 sec, the current and voltage were recorded for 7 min. 
The data of the 6–fold repetition of experiments were subjected to statistical processing by 
a well–known method [28]. 

The resistivity was calculated by the Formula (1) and Formula (2) 

h
d

R cp
vv

2

785,0= , (1) 

1

2ln

2

d
d
Rs

s


 =

 

(2) 

Note:
2

21 dddcp
−

=  

 1d  – diameter of a measuring electrode, m; 

 2d  – inner diameter of the ring electrode, m; 
 h  – sample thickness; 

v , s  – bulk and surface electrical resistance of the sample. 

3 Result and discussions 
Initial studies were carried out at constant current according to the circuit shown in  
Figure 1. According to the results of measurements and calculations, dependencies are 
obtained that characterize the measurement of the specific volume resistance of the pulp of 
apple and grape. Figure 3 and Figure 4 show the patterns of change in the pulp of apples of 
the "Semerenko" variety from the gradient, the applied voltage, and the duration of its 
exposure. 
 

 
Fig. 3. The dependence v  of the pulp of apples "Semerenko" on the duration and impact of direct 

current at various values of the gradient of the applied voltage. 
 

The dependencies of Figure 3 showed the specific volume resistance of the pulp at 
gradients of the applied voltage of 10 V cm−1 to 20 V cm−1 in the initial period increases 
and approaches the steady–state value for 7 min, and more measurements. Such a pattern is 
associated with electrode polarization, which leads to a decrease in the potential at the 
electrodes at the initial time of measurement. At gradients of the applied voltage of  
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20 V cm−1 to 25 V cm−1, the steady–state resistance value is reached faster (within 4 min to 
5 min), as evidenced by a decrease in the influence of the biopotential and the phenomenon 
of polarization at the indicated values of the gradient of the applied measurement voltage. 
With a further increase in the gradient of the applied voltage of 25 V cm−1 or more,  
a constant decrease in the value of resistivity from the initial was observed due to the partial 
death of tissue cells from the damaging effect of the current as of the measurement duration 
increases. 

 
Fig. 4.  The dependence v  of the pulp of apples "Semerenko" on the gradient of the applied voltage 

for different duration of exposure. 
 

The analysis of the dependencies in Figure 4 also indicates that measuring the volumes 
of resistance of the pulp of the tissue with gradients of the applied voltage of 20 V cm−1 to  
25 V cm−1 gives more accurate results with a minimum measurement time. 

Due to the fact that the new technology provides for the impact on the fruits and grapes 
of pulsed electrical discharges, and also consider the relatively long duration of measuring 
the resistance to direct current, the patterns of change in the electrical resistance of the 
electric processing object (fruits, grapes, and their constituent elements) using alternating 
current the circuit shown in Figure 2. 

 

 
Fig. 5.  Dependence v , s of apple pulp (“Rosemary”) on the time of exposure to an electric 

current with a frequency of 1 000 Hz at various gradients of the applied voltage. 
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Fig. 5.  Dependence v , s of apple pulp (“Rosemary”) on the time of exposure to an electric 
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Fig. 6. Dependence v , s  of grape flesh on the time of exposure to an electric current with a 

frequency of 1 000 Hz at different gradients of the applied voltage. 
 

An analysis of the curves of the dependences v  and s on the time of exposure to an 
electric current of variable frequency (f = 1 000 Hz) at various gradients of the applied 
voltage (in Figure 5 – the pulp of the apple, in Figure 6 – the pulp of the grape) shows that 
the gradient of the applied voltage at measurement v  should not exceed 25 V cm−1, and 

measurement s  – 15 V cm−1. an increase in the gradient of the applied voltage of the 
indicated values distorts the true value of the resistance. 

 

 
Fig. 7. Dependence v , s  of the Rosemary apple on the frequency of the current at various 

gradients of the applied voltage. 
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Fig. 8.  Dependence v  (peel) of the Rosemary apple on the current frequency at various gradients of 

the applied voltage.  

 

 
Fig. 9.  Dependence v , s  of pulp and v  peel of “Tayfi” grape skin on current frequency at 

various gradients of applied voltage. 

Based on the results of studying the changes v  and s of the pulp of apple and grapes 

and v  of their peel on the frequency of the measuring current for various values of the 
applied voltage gradient, the relationship between them in the form of graphical 
dependencies shown in Figure 7, Figure 8, and Figure 9. With increasing frequency of the 
measuring current, both volumetric v  and surface resistance of the pulp s  and 

volumetric resistance of the skin v  decrease exponentially at a frequency of 5 kHz to  

10 kHz and reaches a constant value. In addition, the volumetric resistance of the skin v  
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Fig. 9.  Dependence v , s  of pulp and v  peel of “Tayfi” grape skin on current frequency at 

various gradients of applied voltage. 

Based on the results of studying the changes v  and s of the pulp of apple and grapes 

and v  of their peel on the frequency of the measuring current for various values of the 
applied voltage gradient, the relationship between them in the form of graphical 
dependencies shown in Figure 7, Figure 8, and Figure 9. With increasing frequency of the 
measuring current, both volumetric v  and surface resistance of the pulp s  and 

volumetric resistance of the skin v  decrease exponentially at a frequency of 5 kHz to  

10 kHz and reaches a constant value. In addition, the volumetric resistance of the skin v  

must be measured at gradients of the applied voltage two orders of magnitude more than 
when measuring v  and s  the pulp.  

4 Conclusion 
i. The developed private technique and the three–electrode system make it possible to 

determine with sufficient accuracy the values of the electrical conductivity of the pulp 
and skin of fruits and grapes. 

ii. The gradient of the applied voltage to the test sample should not exceed the threshold 
value of the damage to living cells (when measuring v  and s  the pulp, 

respectively, no more than 20 V cm−1 and 10 V cm−1 and v  the skin no more than 1 
000 V cm−1).  

iii. The volumetric resistance of the skin is much greater than the pulp, which is due to a 
denser arrangement of cells of its tissue. 

iv. The tissue resistance of fruits and grapes with an increase in the frequency of the 
measuring current decreases exponentially, which indicates its additivity with the 
impedance of the resistance of plant materials. 
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