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Abstract: This study aims to tackle the challenge of explaining the underlying mechanisms behind
the time-varying impedance phenomenon in animals experiencing low-voltage electric shocks. A
dynamic impedance model that considers the effect of water electrolysis (WEDI) has been developed.
First, we conducted root cause analyses through progressive validation experiments, identifying
water within the shocked body as the key factor influencing impedance variation. Monitoring
hydrogen concentration above the electrodes and measuring mass changes in the shocked body
revealed that the time-varying impedance is closely related to internal water electrolysis. Second, we
quantitatively analyzed the impact of water molecule decomposition during electrolysis on the salt
concentration and conductivity within the electrically shocked body. A mathematical relationship
between the variable resistance within the body and time was derived. A dynamic impedance model
for animal electric shock that considered the effects of water electrolysis was subsequently established,
explaining the underlying mechanism behind the time-varying impedance phenomenon. Finally, the
Mean Absolute Percentage Error (MAPE), Mean Absolute Error (MAE), and Root Mean Square Error
(RMSE) between the electric shock current predicted by the WEDI model and actual measurements
were 0.00357, 0.00350, and 0.00446. Compared to existing models, the WEDI model demonstrates
superior accuracy and interpretability.
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1. Introduction

Electric shocks in low-voltage systems are serious accidents. Victims cannot easily
break free and can be in life-threatening danger quickly. In China, the annual death toll from
electric shock accidents reaches as high as 8000 [1]. Approximately 70% of these electric
shock incidents occur in low-voltage distribution networks [2]. With the increasing demand
for electricity, there are growing expectations for the safety of distribution networks [3-5].
The animal body impedance model is the foundation of electric shock protection technology.
Developing an accurate model to precisely describe current changes during shocks is crucial
for personal protection and the safe, stable operation of the power grid.

As early as the first half of the last century, researchers proposed classic human
equivalent circuit models based on the electrical equivalence of the human body: the
Freiberger model and the Biegelmeier model [6]. Later, to standardize the models used
by researchers, the International Electrotechnical Commission (IEC) held an academic
conference in 1987 and established a more authoritative human impedance model [7]. The
approach to constructing the aforementioned model is as follows: parts of the organism
with higher electrical conductivity (such as various organs, bodily fluids) are equivalently
represented as resistors, while parts with lower conductivity (such as the stratum corneum
of the skin) are equivalently represented as capacitors. These resistors and capacitors are
then adaptively combined based on real-world scenarios.
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In subsequent research, this approach has also become the mainstream concept for
bio-impedance modeling and is widely applied in various fields of study [8,9]. At the
same time, these models are continuously optimized according to the needs of different
application scenarios. De Santis et al. [10] addressed the challenge that traditional models
have difficulty replicating the electrical behavior of human impedance at high frequencies.
They proposed an equivalent circuit that accurately describes the variation pattern of
human impedance under voltage in the frequency range from 40 Hz to 110 MHz. Chinen
et al. [11] proposed an impedance model composed of five parallel high-pass RC branches
to accommodate a more precise armpit electrode method for measuring human impedance,
which helps improve the accuracy of bioimpedance measurements. Bora et al. [12] proposed
a hybrid model that combines a fractional-order constant phase element (CPE) and high-
order resistance capacitance (RC) based on the characteristics of different types of skin,
achieving more accurate human skin impedance modeling. Freschi et al. [13] developed
a complex resistor—capacitor combination model to study human behavior under the
influence of an electric field. Ferreira et al. [14] applied an electrical skin model to explain
the impedance data of human and rabbit skin under stimulated conditions. Li et al. [15,16]
used finite element technology to create a 3D model of pigs, achieving a more accurate
impedance model. These studies have improved the accuracy of the models to a certain
extent, but the bio-impedance models they used are inadequate in describing the nonlinear
characteristics of the equivalent circuit when biological tissues experience electric shock.

To approach this difficulty, some researchers have conducted related work. Dorgan
et al. [17] studied the nonlinear characteristics of skin impedance under DC voltage and
proposed a mathematical model to describe the variation of skin impedance under DC volt-
age. Pritchard et al. [18] proposed a mathematical model addressing the voltage-dependent
characteristics of human impedance, providing a more accurate description of the relation-
ship between human impedance and voltage. Yang et al. [19] developed a mathematical
model to describe the phenomenon of time-varying bio-impedance after electric shock,
providing a more accurate depiction of the changes in impedance of shocked animals.
These models can describe the nonlinear characteristics of bio-impedance under electric
current, but their core modeling approach is based on numerical fitting to experimental
data. They still struggle to explain, from a mechanistic perspective, the phenomenon of
waveforms unique to biological electric shocks, in which animal impedance decreases and
then gradually stabilizes during the electric shock.

In response to the above problem, this paper establishes a dynamic impedance model
of animal body considering the impact of water electrolysis (WEDI). The main contributions
of this paper are as follows:

e  Qualitative analysis is conducted. The key factors for the phenomenon of waveforms
unique to biological electric shocks are traced. The relationship between this phe-
nomenon and water electrolysis reactions is explored. The mechanism of impedance
evolution in electrically shocked bodies is revealed;

e  Anew modelis established. The mathematical relationships among the water molecule
content, solution concentration, conductivity, and the resistance of the electrically
shocked body during the electrolysis of water have been quantitatively analyzed.
On this basis, an interpretable impedance model of the animal body is established,
enabling accurate calculation of the dynamic impedance in the electrically shocked
animal body;

e  Experimental validation is conducted. The validity of the proposed WEDI model is
verified using measured data from live animal electric shock experiments. Compara-
tive analysis with three commonly used bio-impedance models demonstrates that the
WEDI model not only achieves higher accuracy but also provides better interpretability.

The remainder of this paper is organized as follows. Section 2 reveals the mechanism
behind the time-varying impedance phenomena in electrically shocked bodies. Section 3
proposes a dynamic impedance model of the animal body that considers the impact of
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water electrolysis. Section 4 conducts experimental validation of the proposed model using
a real-world testing platform. Section 5 concludes the paper.

2. The Mechanism of Time-Varying Body Impedance Phenomenon During
Electric Shock

In the initial stages of electric shock, the impedance of an animal’s body exhibits
time-varying characteristics. As shown in Figure 1, the waveform is derived from real-time
data collected from live mice during electric shock in our lab. The voltage waveform during
electric shock is a sinusoidal wave with a constant amplitude. The current amplitude
shows a significant increase during the first three cycles and then gradually stabilizes,
indicating that the magnitude of the animal’s body impedance transitions from higher
to lower values before stabilizing. This waveform is a typical phenomenon of biological
electric shocks and is referred to as “waveforms unique to biological electric shocks”. We
have thoroughly investigated the key factors that lead to the time-varying impedance
phenomenon in electrocuted objects and have qualitatively described this phenomenon.
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Figure 1. Waveform diagram of current and voltage during electric shock to a live body.

2.1. Traceability Analysis of Key Factors for Time-Variant Impedance Phenomena

The analysis approach for tracing key factors of time-variant impedance phenomena
in animal bodies is shown in Figure 2. First, the relationship between the time-variant
phenomenon of waveforms unique to biological electric shocks and the life activities of
a living organism is verified. The data of a living animal under electric shock (as shown
in Figure 1) are compared and analyzed with the data of a non-living piece of raw meat
under electric shock (as shown in Figure 3). The moment of electric shock occurs at 0.04 s.
Under the condition that the voltage amplitude of the electric shock is stable, the current
amplitude of both the living animal and the non-living raw meat shows a gradual increase
followed by stabilization. This indicates that the equivalent impedance of both decreases
initially and then stabilizes during the early stage of electric shock. Therefore, it can be
concluded that the phenomenon of body impedance decreasing and then stabilizing upon
electric shock is unrelated to the life activities of the living organism.

Based on the intermediate conclusion that the studied phenomenon was unrelated
to the activities of living organisms, we continued to verify the relationship between the
time-varying impedance during electric shock and meat tissue materials. Thus, we needed
to introduce a material that could replace meat tissue for a control experiment. Since meat
consists of porous tissue material filled with an aqueous solution, we replaced it with a
porous wooden block. The wood was thoroughly soaked in saltwater before conducting the
electric shock experiment. We compared the data from the wooden block during electric
shock (Figure 4) with that from raw meat during electric shock (Figure 3). Under constant
voltage amplitude, the saltwater-soaked wood also exhibited a trend where the current
amplitude initially increased and then stabilized, indicating that its equivalent impedance
underwent a change from high to low before stabilizing. This suggested that the time-
varying impedance phenomenon of waveforms unique to biological electric shocks was
not related to meat tissue materials.
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Figure 2. A concept map for the trace analysis of key factors in impedance time-variation phenomena.

The red font is used to highlight positive results, while black font indicates negative results.

3.0 Rises then levels oft | "\ ——Electric shock voltage Vet
~ ‘ Electric shock current -
<15 360 =
+~ o
5 &
E o B 0 =
3 o
O >

|

0.12 0.16 0.20
Time(s)

Figure 3. Waveform of current and voltage from electric shock to raw meat (approximately 75%

water content).
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Figure 4. Current and voltage waveform of saltwater-soaked wooden block during electric shock.

Based on the intermediate conclusion that the phenomenon of waveforms unique to
biological electric shocks being studied was unrelated to the material of meat tissue, we con-
tinued to verify the relationship between this phenomenon and the proportion of aqueous
solution in the body subjected to electric shock. Therefore, it was necessary to observe the
data of raw meat with relatively low water content subjected to electric shock. As shown in
Figure 5, when the voltage amplitude of the electric shock remained constant, there was no
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significant increase in current amplitude for raw meat with lower water content (about 6%)
compared to the raw meat in Figure 3 (about 75% water content). In the data for raw meat
with lower water content, it was difficult to observe the phenomenon of waveforms unique
to biological electric shocks. Thus, it was concluded that this phenomenon was related to
the proportion of aqueous solution in the meat.
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Figure 5. Waveform diagram of current and voltage for raw meat with lower water content (approxi-
mately 6% water content) subjected to electric shock.

Based on the premise that the phenomenon being studied was related to the proportion
of aqueous solution, we further verified the relationship between this phenomenon and the
solvent water itself. It was known that wood soaked in saltwater exhibited the phenomenon
of waveforms unique to biological electric shocks. We replaced the solvent in the saltwater
with glycerol, which could dissolve sodium chloride, creating a glycerol solution of sodium
chloride. A piece of wood was then soaked in this solution. After the solution had fully
permeated the wood, an electric shock test was conducted. The experimental data are
shown in Figure 6. Under the condition that the voltage amplitude of the electric shock
remained stable, there was no significant increase in the current amplitude. Based on
the disappearance of the studied phenomenon after replacing the solvent water, it was
concluded that the phenomenon of the body’s impedance decreasing from high to low and
then stabilizing was related to the solvent water.
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Figure 6. Waveform diagram of current and voltage for wood that has been soaked in glycerol
solution of sodium chloride and then subjected to electric shock.

Moreover, we have compiled a table summarizing the relationships between different
materials and their key phenomena, as shown in Table 1. From this information, it is evident
that materials with higher moisture content demonstrate the waveforms unique to biologi-
cal electric shocks, whereas those with lower moisture content do not. Additionally, based
on the relationships observed, we can exclude the possibility that this phenomenon arises
from biological activity, meat tissue materials, or salt ions. In conclusion, we determine
that the waveforms unique to biological electric shocks is associated with water.
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Table 1. Relationship table between experimental materials and the phenomenon of waveforms
unique to biological electric shocks.

Phenomenon of Waveforms Unique to

Experimental Category Number Experimental Materials Biological Electric Shocks
1 Live experimental mice Appeared
Non-living fresh meat (approximately
2 75% water content) Appeared
3 Low water content fresh meat Not appeared
(approximately 6% water content) PP
4 Wood that has been soaked in a sodium Appeared
chloride aqueous solution pp
5 Wood that has been soaked in a glycerol Not appeared

solution containing sodium chloride

2.2. The Mechanism by Which the Electrolysis of Water Affects Body Impedance

The primary reason for conductivity in biological tissues is the presence of freely
moving charged particles (such as sodium ions and chloride ions) in the body’s aqueous so-
lutions. The observed decrease in body impedance upon electric shock indicates an increase
in the concentration of these charged particles within the body’s conductive fluids during
the shock. Having established that water is a key factor, further exploratory experiments are
conducted to investigate the specific causes of this phenomenon. Additionally, since both
non-living meat tissue and living animals exhibit waveforms unique to biological electric
shocks, we chose to conduct an in-depth study of this phenomenon using non-living meat
to minimize animal harm.

According to electrochemical theory, when the voltage applied between electrodes in
water exceeds the minimum voltage required for the water electrolysis reaction, the elec-
trolysis of water will occur, decomposing water molecules into hydrogen and oxygen [20].
The following experiment is designed to observe if water electrolysis occurs within meat
when an electric shock is applied. The experimental structure is shown in Figure 7. The
effective voltage between the electrodes is set at 70 V. A high-precision hydrogen detector is
used to monitor hydrogen production directly above the electrodes, verifying if electrolysis
occurs during the experiment. This hydrogen detector displays hydrogen concentration
in parts per million (ppm) by mole. Additionally, a gas collection hood is employed to
minimize the impact of hydrogen diffusion on the experimental results.

The changes in hydrogen concentration monitored by the detector during the ex-
periment are shown in the upper part of Figure 7. After a period of electrification, the
detector recorded a continuous increase in hydrogen concentration. This indicates that
an electrolysis reaction occurred within the body during the electric shock. Additionally,
we measured the mass of the electrically shocked body before and after the shock using
a high-precision mass measurement device. We conducted four sets of experiments, and
the results are shown in Table 2. In four experiments, the mass of electrically shocked
body decreased to varying degrees, indicating that substance loss occurred during the
electric shock process. This finding strongly supports the view that electrolysis of water
occurs within the body during the electric shock. The above results confirm the fact that
electrolysis of water occurs within the body during an electric shock.

Table 2. Statistics of mass changes in electrically shocked bodies before and after experiments.

Team Number Pre-Experiment Mass (g) Post-Experiment Mass (g) Magnitude of Mass Reduction (g)
1 40.236 40.164 0.072
2 40.082 39.993 0.089
3 53.073 52.864 0.209
4 50.488 50.320 0.168
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Figure 7. Graph of the process of increasing hydrogen concentration during the experiment.

In summary, we have qualitatively explained the phenomenon of waveforms unique
to biological electric shocks. When an electric shock occurs, water molecules within the
animal’s body undergo electrolysis due to the applied voltage. The decomposition of water
molecules increases the concentration of ions in the solution, raising the conductivity and
lowering the resistance. After a period of time, the resulting oxygen and hydrogen gases
struggle to dissipate promptly due to the meaty structure of the organism, accumulating
near the electrodes and affecting the subsequent reaction process. This slows down the rate
of water decomposition, leading to a gradual slowdown in the decrease of resistance. The
phenomenon of waveforms unique to biological electric shocks is related to the electrolysis
of water. In Section 3, we develop a mathematical model to quantitatively analyze the
aforementioned process.

3. Impedance Modeling of Animal Bodies Based on Quantifying the Impact of
Water Electrolysis

Based on the qualitative analysis of the relationship between water electrolysis and
animal body impedance, we developed a quantitative animal impedance model that
accounts for the impact of water electrolysis.

3.1. The Mathematical Relationship Between Water Electrolysis and the Dynamic Resistance of an
Electrically Shocked Body

According to the chemical equation for water electrolysis, the ratio of hydrogen
molecules to water molecules is 1:1. Therefore, the rate of hydrogen production vy is
numerically equal to the rate of water decomposition vy.

If the gas bubbles produced during water electrolysis are not promptly expelled
and instead adhere to the electrodes, they can impede the reaction process and gradually
decrease the reaction rate [21-23]. In an electrically shocked body, the internal aqueous
solution permeates the tissue, and the structure of the tissue obstructs the expulsion of the
generated gases. Consequently, the rate of water electrolysis within the body decreases
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over time. Simultaneously, the change in impedance of the electrically shocked body
within a unit of time also diminishes. By setting the ratio of the water decomposition
rates at adjacent moments to a fixed value, we can describe the gradual decline in reaction
rate. Based on actual measured data showing a gradual slowdown in the impedance
reduction rate, this ratio is set to 1.0019. Therefore, the mathematical expression for the
water decomposition rate vy, at time ¢ is given by (1).

vy(t—1)

1.0019 @

vy (t) =

The unit of vy(t) is L/s. The initial water decomposition rate, v,(0), is a model

parameter that needs to be set in advance. Additionally, based on the solution volume and

the rate of water decomposition, the expression for the solution volume V() at time t can
be derived, as shown in (2).

V() =V(t—1)—o,(t—1) )

The unit of V(t) is L. The model parameter V' (0) represents the initial solution volume
and should be set in advance. Additionally, the reduction in solution volume will lead to
an increase in solution concentration. Thus, the expression for the solution concentration
C(t) at time ¢ can be derived, as shown in (3).

c() =~ ®)

The terms V(0) and C(0) in the equation represent the initial volume and concentration
of the aqueous solution, respectively. The numerator indicates the amount of substance
of the solute in the solution, while the denominator represents the volume of the solution.
Their ratio, C(t), denotes the concentration of the solution at time ¢, with units in mol/L. At
this point, the mathematical relationship between solution concentration and time has been
established. As the concentration of salt in the aqueous solution increases, the solution’s
conductivity will also increase. According to the [24], the relationship between the salt
concentration C and the conductivity ¢ of the aqueous solution can be obtained, as shown
in (4).

o(t) = 88.35C(t) +1.775 4)

Equation (4) represents the mathematical relationship between the molar concentration
(mol/L) of a salt solution and its conductivity (mS/cm) at time t. The average length of the
electrically shocked body is 1, in centimeters (cm), and the average cross-sectional area is S,
in square centimeters (cm?). Thus, the expression for the dynamic resistance Rg within the
electrically shocked body is shown in (5).

Rs(t) = « ©)

In (5), the equivalent cross-sectional area and equivalent length of the conductive body
are constant, while only the conductivity changes over time, causing the resistance to vary
with time.

The mathematical relationships between the various intermediate variables in the
water electrolysis process have been obtained. By integrating (1) through (5) to express
dynamic resistance as the dependent variable with time as the independent variable, we
derive an expression for the relationship between dynamic resistance Rg and time ¢, as

shown in (6).
l

S (8835v<0>c<0> N 1.775)

. 0
V(0)— fy 220 g

Rg = (6)
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Among them, I, S, V(0), C(0) and v, (0) are model parameters that need to be assigned
values based on actual conditions before running the model.

3.2. Considering the Time-Varying Resistance Characteristics of the Animal Body
Impedance Model

Based on the above theory, a schematic diagram of the activity of relevant microscopic
particles within an animal’s body during electric shock is shown in Figure 8. Using labora-
tory mice as an example, we consider the electric shock current path as “skin-body—skin”.
According to the traditional equivalent approach, which takes into account the capacitive
and resistive characteristics of the skin epidermis, we model the skin section as a parallel
combination of resistance and capacitance. The internal current primarily flows through
the directional movement of ions in body’s aqueous solutions.

Resistance and capacitance

Oxygen molecu\l‘es of the skin
Hydrogen molecules
Live wire ’

Movement of

charged particles Neutral wire
N e
Rs Variable @ e e
resistor — Water molecules
O t s

Figure 8. Schematic diagram of microscopic particle activity in an animal’s body during electric shock.

Based on the mathematical rules of the dynamic resistance of the conductive parts
containing water within the body, an animal body impedance model that considers the
time-varying characteristics of internal resistance is established. The circuit structure is
shown in Figure 9. This circuit structure represents the topological form of WEDI model.

Figure 9. The topological diagram of the WEDI model.

In this diagram, points A and B are the contact points of the external electrodes. The
R, represents the skin resistance. The C. represents the skin capacitance. The frequency
of the contact voltage is denoted by f. The dynamic resistance R follows the variation
pattern described by (6). Based on the circuit structure shown, the relationship between the
impedance Z of the animal body and time ¢ upon electric shock can be derived as shown
in (7).

I 2R 47t fC.R?

T - j
s maveco o) 1+ QRTfCRe) 1+ (2mfCeRe)?
VO [y {iardt

Z:

(7)
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Equation (7) describes the relationship between the impedance of a body experiencing
electric shock and the duration of the shock, representing the mathematical form of the
WEDI model. Before running the WEDI model, several parameters need to be set: initial
water decomposition rate v,,(0), initial total volume of the aqueous solution V(0), initial
concentration of the solution C(0), average length ] and cross-sectional area S of the body,
skin capacitance C,, skin resistance R, and frequency of the applied voltage f.

The flowchart of the WEDI model’s operation is shown in Figure 10.

|

Set model parameters

|

Construct data structure for
intermediate variables

2!

Get current time ¢

!

Sequentially calculate and store the water decomposition
rate v,,(t), volume of the conductive solution V(t),
concentration C(t), and conductivity o (t) at time ¢

l

Calculate and store the resistance R¢(t) of the
conductive solution at time #

}

Calculate and store the total impedance
Z(1) of the animal body at time ¢

I

t=t+1

!

Has the electric shock end time been
reached?

lY

Output all data for the animal body's impedance Z

|

END

Figure 10. The program flow diagram of the WEDI model.

First, set the model parameters before running the simulation: the initial water decom-
position rate v, (0), the initial total volume of the solution V(0), the initial concentration of
the solution C(0), the average length of the electrical conductor /, the average cross-sectional
area S, skin capacitance C,, skin resistance R, the frequency of the electric shock voltage f,
and the end time of the electric shock ¢,.

Next, create multiple one-dimensional arrays indexed by time for intermediate vari-
ables: vy(t), V(t), C(t), and o(t) to store the values of each variable at each time step. Then
calculate the dynamic resistance Rs(t) and the total impedance of the animal body Z(t).

Finally, increment the time ¢ by one model time unit for the next round of calculations.
The relationship between the time variable ¢ and real-world time is that each increment
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of t corresponds to a passage of 0.0001 s in real time. The program will check whether
the current time t has reached the end time of the electric shock t.. If not, it will restart
the calculation; if it has, the program will exit and output the impedance array Z. The
data sequence in array Z represents the real and imaginary components of impedance at
each moment during the electric shock, thoroughly detailing the changes in the animal’s
impedance throughout the process.

Thus, the reduction of water molecules within the animal’s body due to electrolysis,
which leads to an increase in the concentration of the solution and subsequently an increase
in conductivity, is captured through mathematical expressions. The variations in internal
resistance based on the changes in conductivity are derived, and a mathematical model of
the animal’s impedance over time is established, considering the effects of water electrolysis.

4. Verification and Comparative Analysis of the WEDI Model

We used the established WEDI model to calculate the electric shock current in mice
and compared the results with measured electric shock current data to verify validity of the
proposed model. Additionally, we compared the WEDI model with existing bioimpedance
models to demonstrate the advanced nature of the proposed model.

4.1. Construction of a Low-Voltage Electric Shock Real-Type Experimental Platform

We constructed a low-voltage electric shock real-type experimental platform, as shown
in Figure 11. A programmable power supply outputs a stable 220 V sine wave voltage
to simulate mains electricity. The single-phase isolation transformer ensures the safety
of experimental operators. The NI data acquisition system, equipped with built-in data
acquisition boards, can collect voltage and current data during the experiment at a sampling
rate of 10 kHz. Strong alligator clips ensure full and stable contact between the shock
electrodes and the test subject. The test subjects are live laboratory mice specifically used
for experiments. Additionally, the animal experiments involved in this study have been
approved by the institution’s Ethics Committee.

NI data acquisition system

%?4? m 0 mmmmm 2_-1

‘T i =

Voltage
collection port

SEUEE I

Sifgle-phase fisolatio
Programmable power transfofmer

supply
e L] /
K N

Current

) , sensor
Live laboratory mice

Figure 11. The structure diagram of a low-voltage electric shock real-type experimental platform.
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4.2. Validation of the WEDI Model

We conducted an electrical shock experiment on live lab mice using an AC voltage
with an effective value of 220 V and collected real electrical current data during the shocks.
At the same time, we used the WEDI model to calculate the electrical current experienced
by the lab mice during the shocks. Before running the WEDI model, we assigned values to
the model parameters based on the specific electric shock scenario.

The initial water decomposition rate is set at 2.8276 x 10~° L/s, based on [25,26]. The
total volume of the aqueous solution at the initial moment is set at 2 x 1072 1, calculated
according to the body mass and water content of mice. The initial concentration of the
solution is set at 1.15 x 10~ mol/L, reflecting the sodium chloride concentration within
the mice’s bodies. The average length and average cross-sectional area of the electrode are
set at 15 cm and 2 cm?, respectively, based on actual measurements. The skin capacitance
of the electrode is set at 2.2 x 107 F, based on [27]. The skin resistance of the electrode is
set at 1150 (), determined through actual measurement. The applied voltage frequency is
set at 50 Hz.

After completing the assignment, we start running the WEDI model to calculate the
electric shock current in laboratory mice under experimental conditions. We compare the
model calculation results with the actual measured data from live experiments, as shown
in Figure 12. The moment at 0.02 s marks the first instance of electric shock. The blue line
represents the electric shock current waveform calculated by the model, while the red line
indicates the actual measured electric shock current waveform. As shown in the figure,
both the model-calculated waveform and the measured waveform exhibit a trend where
the amplitude initially increases before stabilizing, and they demonstrate a high degree
of conformity.

0.26 /\ —— Actual measurement
Model calculation

<013

= ‘

[}

= 0—
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0 0.02 0.04 006 0.08 0.10
Time(s)

Figure 12. Comparison of the electric shock current waveforms calculated by the WEDI model to
those actually measured.

Simultaneously, Mean Absolute Percentage Error (MAPE), Mean Absolute Error
(MAE), and Root Mean Square Error (RMSE) serve as metrics to quantify the error between
the model output data sequence and the measured data sequence. An error analysis is
conducted by comparing the WEDI model output data with the measured data. The values
for the metrics MAPE, MAE, and RMSE are 0.00357, 0.00350, and 0.00446, respectively.

4.3. Comparison and Analysis with Existing Research

We reproduced three existing classical bioimpedance models (sourced from refer-
ences [11,12,19], and calculated the electric shock current of mice in the aforementioned
true-to-scale electric shock experimental scenario. The comparison between the calculated
results and the measured data is shown in Figures 13-15.
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Figure 13. Comparison of the electric shock current waveforms calculated by the model in [11] to
those actually measured.
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Figure 14. Comparison of the electric shock current waveforms calculated by the model in [19] to
those actually measured.
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Figure 15. Comparison of the electric shock current waveforms calculated by the model in [12] to
those actually measured.

Based on the output waveform of electric shock current, it is evident that the models
from references [11,12] produce a constant amplitude of electric shock current. Although the
output waveforms of these models align closely with the measured waveform in the later
stage, there is a significant discrepancy during the initial phase, making it difficult to reflect
the time-varying characteristic of body impedance during electric shock. On the other hand,
the model from [19] shows an increasing trend in the electric shock current during the initial
phase. This indicates that the model captures the time-varying property of body impedance,
although some differences with the measured waveform still exist. Furthermore, Table 3
presents the comparison metrics for the WEDI model and three existing models. The WEDI
model has the lowest values for all three error metrics. Therefore, the comparison of output

waveforms and related metrics demonstrates that the WEDI model is more accurate than
traditional models.



Processes 2024, 12, 2565 14 of 16
Table 3. Comparative analysis of existing models.
Metrics WEDI [11] [19] [12]
Mean Absolute Percentage 0.00357 0.01002 0.00653 0.01408
Mean Absolute Error 0.00350 0.01000 0.00642 0.01404
Root Mean Square Error 0.00446 0.01095 0.00757 0.01528

In addition, the models in [11,12] are constructed based on a combination of fixed
resistors and capacitors. Such models struggle to explain the time-varying characteristics of
body impedance during electric shock. On the other hand, the model in [19] is developed
by fitting the waveform of electric shock current and can describe the impedance variation
pattern. Although this model reflects the time-varying characteristics of body impedance
at the initial stage of electric shock to some extent, it falls short in explaining the deeper
mechanistic reasons for impedance changes. The WEDI model, however, is built upon
the observed fact that the electrolysis of water induces time-variant body impedance
during electric shock. It integrates mathematical relationships among multiple variables in
the electrolysis process and provides a theoretical explanation for the transition of body
impedance from high to low and its subsequent stabilization.

In summary, comparative analysis shows that the WEDI model is more accurate than
existing models. Additionally, it offers enhanced interpretability, as it can explain the phe-
nomenon of waveforms unique to biological electric shocks from a mechanistic perspective.

5. Conclusions

This study examines the intrinsic mechanism underlying the time-varying body
impedance in animals subjected to low-voltage electric shock. Our mechanistic analy-
sis reveals that this phenomenon is primarily driven by the electrolysis of water within the
animal’s body.

e  Mechanistic Explanation: We identified that the electrolysis of water molecules, in-
duced by an electric field, leads to a reduction in water molecule concentration and an
increase in conductive ion concentration in bodily fluids. This heightened ion concen-
tration enhances electrical conductivity, resulting in decreased body impedance.

e  Dynamic Impedance Model Development: Based on the electrolysis mechanism, we
developed a dynamic impedance model that calculates changes in impedance over
time. The model integrates relationships among solution concentration, electrical
conductivity, and body impedance, providing a comprehensive framework for under-
standing impedance variations during electric shock.

e  Model Validation: The WEDI model demonstrated strong predictive accuracy with a
Mean Absolute Percentage Error of 0.00357, a Mean Absolute Error of 0.00350, and an
Root Mean Square Error of 0.00446 when compared to experimental data.

These findings not only elucidate the mechanisms behind time-varying impedance
in shocked animals but also present a robust model for predicting impedance changes,
significantly contributing to our understanding of the principles underlying waveforms
unique to biological electric shocks.
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