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ABSTRACT In this paper, the wireless power transmission system and the model of mouse with its main
organs are established to simulate the electromagnetic field and electromagnetic thermal effect. The mouse
is placed at the system, and the peak value of the induced electric field intensity and temperature rise of each
organ are calculated. The results show that the peak value of the induced electric field intensity of the liver
is the largest, which is 1.43 V/m. Temperature rise of the kidney is the largest, which is 2.736 × 10−6

◦
C.

And the results indicate that the shielding plate can effectively reduce the peak value of induced electric field
intensity and temperature rise of the main organs. Then, a biosafety experimental platform for the wireless
power transmission system is set up to analyze changes in biological tissue structure, immune factors, and
sex hormone content. The results show that the level of immune factors in mice increase significantly, and
the level of testosterone and progesterone decrease. The heart tissue structure does not change, but the liver,
spleen, ovary, and testes are affected. And the liver shows the greatest morphological changes, which is
consistent with the simulation results. This study provides a theoretical basis for the security assessment of
the wireless power transmission system.

INDEX TERMS Wireless power transmission, finite element analysis, electromagnetic exposure, biosafety.

I. INTRODUCTION
Since the discovery and application of electrical energy, it has
changed people’s production and lifestyle and has become
one of the important energy sources that people rely on.
Wireless power transmission (WPT) is a technology that
transmits energy through the physical electromagnetic field,
and it is a focus in the market, such as implantable biomedical
devices, electric vehicles, electric bicycles, mobile devices,
and household appliances [1]–[4].

In 2007, WPT shocked the world when an MIT research
team led byMarin Soljacic transmitted 60watts of power over
2 meters wirelessly and the efficiency was 40% [5]. However,
while WPT technology brings convenience to people’s lives,
the effect of electromagnetic fields (EMF) generated byWPT
systems on organisms should also be considered. Carpen-
ter’s research indicates that excessive exposure to magnetic
fields from power lines and other sources of electric cur-
rent increases the risk of development of some cancers and
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neurodegenerative diseases, and that excessive exposure to
radiofrequency radiation increases the risk of cancer, male
infertility, and neurobehavioral abnormalities [6]. The EMF
from WPT system has been evaluated in basic dosimetry
studies using human body models [7]–[14]. Some studies
have shown that magnetic fields had an association with the
risk of childhood leukemia [15]–[17]. The effect of EMF on
the immune function of organisms has also been studied [18].
The biological safety of EMF exposure has received increas-
ing international attention, so further research is needed. The
objective of this paper is to use a combination of simula-
tion calculation and biological experiments to analyze the
electromagnetic biological effects of the WPT system on
mice by calculating the electromagnetic field distribution and
detecting changes in biological parameters in mice.

In this paper, a model of theWPT system and a mouse with
its main organs are established to calculate the peak values
of induced electric field intensity and temperature changes of
the main organs of the mouse by COMSOL 5.0. Then, aWPT
system biosafety experimental platform is set up to analyze
the changes of organ tissue structure, immune factor, and
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sex hormone when mice are exposed to the system. And the
simulation data and experimental results are combined to ana-
lyze the effects of the WPT system on mice, which provided
some theoretical basis for the research on the biological safety
of the WPT system.

II. MODELING AND SIMULATION OF THE WPT SYSTEM
A. MODELING OF THE WPT SYSTEM AND MOUSE
The transmitting and receiving coils of the WPT system
established in this paper are equipped with a magnetic
shielding plate made of a ferrite material with the relative
permeability of 2500 and the conductivity of 1. Since the
current-carrying capacity of the coil is limited when it is
working, and there is skin effect and its own inductance,
the parameters used in this paper after comprehensively con-
sidering the above factors are shown in Table 1. Among
them, the inductance and capacitance follow the resonance
condition:

X = ωL −
1
ωC
= 0 (1)

where ω = 2π f , f = 47kHz.

TABLE 1. Resonator parameters.

The maximum transmission efficiency of the system at
different frequencies is determined by adjusting the load
resistance. The transmission efficiency can be given by (2).

|η| =

∣∣I2o · R∣∣
|Us · Iin|

(2)

where Io is the output current,R is the load resistance, Us is
the input voltage, and Iin is the input current.
The resonance frequency of the system is controlled

through an external matching capacitor. The structure of the
coils on both sides is completely symmetrical. The schematic
diagram of the resonant coil model is shown in Figure 1.

To analyze the effect on a mouse in the WPT system,
CT data of a three-month-old healthy Kunming mouse are
used to establish the model of a mouse and its main organs
through reverse engineering. The main process includes set-
ting the gray threshold, segmentation by region growth,
smoothing the target area, and split the model. Due to the
limited resolution of CT data, the testes and ovaries of the
mouse cannot be distinguished accurately, so spheres are used
instead. The model of mouse and its split results are shown
in Figure 2.

FIGURE 1. Schematic diagram of resonant coil model.

FIGURE 2. Mouse model and its split results.

When a time-varying electric field is applied, biological
tissue can be regarded as a linear and isotropic medium,
and the tissue conductivity will change with the change of
frequency. Studies have shown that almost all biological
tissues can be regarded as non-magnetic tissues, and their
permeability µ = µ0 ( or relative permeability µr = 1).
According to the research results of related literature [19],
the electromagnetic parameters of the main organs of mice
at 47 kHz are shown in Table 2.

TABLE 2. Mouse organ electromagnetic parameters at 47KHZ.
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B. SIMULATION OF ELECTROMAGNETIC FIELD OF THE
WPT SYSTEM
The WPT system constructed in this paper has a working
frequency of 47kHz and an output power of 30W, which is
suitable for the power supply of household appliances. The
field-circuit coupling model of the WPT system is shown
in Figure 3.

FIGURE 3. Field-circuit coupling diagram of WPT system.

In Figure 3,Vs is the high-frequency power supply,Veq, Ieq,
and Req are the equivalent voltage, current and resistance of
the coil at high frequency, Leq is the equivalent inductance
of the coil, Ceq is the equivalent capacitance. �a and 0a
represent the resonator region and boundary, respectively, �,
01, and 02 respectively represent the non-resonator region
and its boundary, and σ is the conductivity of the solution
region. And the numerical calculation of the electromagnetic
field region is resolved by the finite element method.

When the system is working, both electric and magnetic
fields satisfyMaxwell’s equations, and the finite element area
satisfies the following relationship:

� :


∇ ×H = σE
∇ ×H + jωB = 0
∇ · B = 0

01, 02 : n · B = 0

�a :

{
∇ ×Ha = σ aEa + Js
∇ · Ba = 0

0a :

{
na × (E− Ea) = 0
na · (B− Ba) = 0

(3)

In the formula, H is the magnetic field strength; E is the
electric field strength; B is the magnetic flux density vector;
Js is the source current density; ω is the system angular fre-
quency; n is the boundary normal vector. The expression with
subscript a is the value at the resonator area and boundary. The
voltage constraint equation of the circuit solution area is:

Vs + IeqReq = Veq (4)

In order to observe and analyze the electromagnetic field
environment of the WPT system visually, at the center point
of the resonance coil, we make a cut plane perpendicular to
the resonance coil, and calculate the electromagnetic field

distribution on the cut plane in COMSOL 5.0. The magnetic
induction intensity distribution is shown in Figure 4(a), and
the electric field intensity distribution is shown in Figure 4(b).
We also make a cross-section parallel to the coil with a
distance from the center of the two coils (100 mm in the
Z-axis direction), and calculate the magnetic induction inten-
sity distribution on the plane. The result is shown in Figure 5.

FIGURE 4. Mouse model and its split results.

It can be seen from Fig. 5 that the X-axis and Y-axis are
position coordinates of the cross-section, and the Z-axis is the
magnetic induction intensity value. The magnetic induction
intensity at the center of the coil is the largest on the same
plane.

C. EFFECTS OF THE WPT SYSTEM ON MAIN ORGANS
OF MOUSE
Based on the analysis above, during the simulation, themouse
is placed in the center of the coils, as shown in Figure 6.
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FIGURE 5. Cross-section magnetic induction intensity distribution.

FIGURE 6. Schematic diagram of resonant coil model.

The effect of exposure to EMF depends on its frequency and
intensity or magnitude. When the mouse is in the system,
the mouse’s body perturbs the electrical field but not the mag-
netic field, and therefore, the internal and external magnetic
field are approximate equal, as shown in Figure 7.

Therefore, a magnetic field generates an induced inter-
nal electrical field referring to Maxwell–Faradays’ Equation
∇ × E = − ∂B

∂t .
In the standard issued by the International Commission

onNon-Ionizing Radiation Protection (ICNIRP), the physical
quantity used to specify the basic restriction of electromag-
netic field exposure is the intensity of the electric field in
the body, which is because the electric field will have a
greater impact on nerve cells and other electrically sensitive
cells [20].

The biological heat transfer in this article is described by
Penne’s bio-heat equations which is written as:

ρc
dT
dt
= ∇(k∇T )+ ωbcb(Ta − T )+ qm (5)

where ρ is the mass density, c is the specific heat capacity,
k is the thermal conductivity, and qm is the metabolic heating.
cb, ωb, Ta are the specific heat capacity, perfusion rate, and

FIGURE 7. Results of interference of the mouse on electromagnetic field.

temperature of the blood, respectively. T is the temperature
to be targeted.

Therefore, this paper calculates the peak values of induced
electric field intensity and temperature changes in the main
organs of mouse. Because the basic restrictions do not
include Specific Absorption Rate (SAR) at frequencies below
100 kHz, simulation calculation for SAR is not included
at 47 kHz. The calculation results are shown in Table 3.

It can be seen from Table 3 that the peak values of
induced electric field intensity in the liver and kidney are
higher than that of other organs, which are due to the dif-
ferent electromagnetic parameters, shapes, and electromag-
netic environment of different organs. But all the results are
lower than the safety standards issued by ICNIRP, which
is 6.345 V/m. According to the results of cell and animal
experiments, ICNIRP has found that when tissue temperature
rises below 1 ◦C, no adverse effects on animal tissues are
found. From the calculation results, the temperature of the
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TABLE 3. Calculation results of mice organs.

liver, kidney, lung, and stomach increased greatly, but the
values are all within the safety limit. The calculation results
are shown in Figure 8.

FIGURE 8. Distribution of calculation results in main organs of mice.

In order to analyze the effects of electromagnetic fields on
mice, the equivalent section of the induced electric field inten-
sity of the mouse organs are calculated, and the distribution
of the maximum value of the induced electric field intensity
can be clearly observed. The result is shown in Figure 9.

It can be seen from Figure 9 that the induced electric field
intensity is attenuated to a very small value at a location far
away from the mouse epidermis, and the maximum value
occurs near the epidermis.

FIGURE 9. The equivalent section of the induced electric field intensity of
the mouse organs.

The two different cases of the mouse in the system position
a (as shown in Figure 10 (a)) and position b (as shown
in Figure 10 (b)) are also simulated.

The peak values of induced electric field intensity and tem-
perature rise of different organs in the mouse are simulated
and calculated. The results are shown in Figure 11.

As shown in Figure 11, the peak value of the induced
electric field intensity and the temperature rise when the
mouse is located at the position b are lower than those when
the mouse is located at the position a. This is because the
magnetic induction intensity at the position b is lower, which
indicates that the shielding plate can be added to effectively
reduce the peak value of induced electric field intensity and
organ temperature rise of the main organs.

III. CONSTRUCTION OF THE WPT SYSTEM AND
EXPERIMENT
A biosafety experimental platform for the WPT system is
set up to analyze the effect on mice in system. Some studies
have shown that different EMF can cause damage to different
organs and immune function [21]–[24]. Therefore, the organ
structure, immune factors, and sex hormones are studied in
this paper.

The life cycle of mice is short, one month to three months
old is the most sensitive period of radiation. So twenty
one-month-old healthy KM mice were divided into
four groups randomly: group a was the control group with
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FIGURE 10. Simulation diagram of mouse at different positions of the
resonance coil.

five female mice, group b was the experimental group with
five female mice, group c was the control group with five
male mice, and group d was the experimental group with
five male mice. The average magnetic induction intensity of
the activity range of mice was 270µT, which was consistent
with the simulation conditions. The mice were purchased
from Vital River Laboratories, and the certificate number is
SCXK9 (Beijing) 2016-0006. This experiment has passed
the review of the Biomedical Ethics Committee of Hebei
University of Technology. The ethical review number is
HEBUTaCUC2019003. All research was performed in accor-
dance with the relevant guidelines and regulations. The
biosafety experimental platform is shown in Figure 12.

During the experiment, the mice in the experimental group
were exposed in the WPT system for 5 hours a day, 6 days a
week regularly. They were supplied with food and water as
usual. The mice in the control group were fed in a normal
environment routinely. The experiment lasted for 12 weeks
and the health of the mice was checked before each
experiment to ensure that each mouse was healthy. After the
experiment, the mice were sacrificed by cervical dislocation,
bloodwas collected from the eye vein plexus, and the immune
factors, testosterone, and progesterone were detected. At the
same time, dissection was performed in a sterile studio,
the organs were separated, the connective tissues around the
organs were cut, and the hematoxylin-eosin (HE) staining
method was used to make HE slices. The structure of each

FIGURE 11. Peak values of induced electric field intensity and
temperature rise in different organs.

FIGURE 12. Experimental platform for the WPT system.

organ was observed under a light microscope at a magnifica-
tion of 10 times.
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The results of the immune factors are shown in Figure 13.

FIGURE 13. The content of immune factor.

As shown in Figure 13, the concentrations of tumor necro-
sis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-
1β (IL-1β) in the serum of mice in the experimental group
all increased. The significance indexes p of the contents of
TNF-α and 1L-1β in the experimental group and the control
group are less than 0.05. It shows that the exposure in the
WPT system under this experimental condition will lead to
an increase of TNF-α, IL-6 and IL-1β content in the serum
of mice.

The content of progesterone and testosterone of mice are
shown in figure 14.

As shown in Figure 14, the content of progesterone in the
serum of female mice in the experimental group decreased,
and the content of testosterone in the serum of male mice in
the experimental group decreased, but the differences were
not statistically significant (p > 0.05). The experimental
results show that the WPT system can cause a downward
trend in the content of the sex hormone of mice.

As shown in Figure 15, both the male and female mice in
the experimental group had neatly arranged cells in their heart
tissues, with clear structures and no obvious damage.

Male mice in the experimental group developed hepatocyte
edema (4/5), as shown in Figure 16.

As shown in Figure 17, the interstitial substance of spleen
cells in the female experimental group increased and the
arrangement was loose (4/5). The male experimental group
showed no obvious damage.

The ovaries of female mice in the experimental group
shrank significantly and had polycystic changes (2/5),
as shown in Figure 18. The testicular seminiferous tubule
boundary membrane of the male mice in the experimen-
tal group was normal, the testicular cells had clear nucle-
oli, abundant cytoplasm, and most of the shapes remained
unchanged, but the intercellular space increased, some
cells became blurred borders and cell glands shrank (4/5),
as shown in Figure 19.

IV. DISCUSSION
Comprehensive simulation data and experimental results
show that under the experimental conditions, the peak values
of induced electric field intensity and temperature rise of
the mice are lower than the safety standards of the ICNIRP.

FIGURE 14. Effects of the WPT system on sex hormones.

FIGURE 15. Effects of heart tissues of the WPT system (scalar bar
with 100 µm).

After 12 weeks of exposure in the same condition, the heart
tissue structure does not change, but the liver, spleen, ovary,
and testes are affected. Therefore, it can be speculated that
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FIGURE 16. Effects of liver cells of the WPT system (scalar bar
with 100 µm).

FIGURE 17. Effects of spleen cells of the WPT system (scalar bar
with 100 µm).

FIGURE 18. Effects of ovary cells of the WPT system(scalar bar
with 100 µm).

although the induced electric field intensity of mouse organs
is small, the cumulative effect of long-term radiation may still
affect the health of mice.

When Li et al.studied the effect of iodine excess
on immune function, it was found that more obvious
morphological changes of the spleen in the mice with an
active body’s immune function [25]. Chauhan et al. [26]

FIGURE 19. Effects of testis of the WPT system (scalar bar with 100 µm).

found that histological changes were observed in the spleen
after whole-body microwave exposure, compared to the con-
trol group. Similar to the above results, in this work, it was
found that the immune factor content of mice was signif-
icantly increased, the immune activity was enhanced, and
morphological changes were observed. Above all, it is spec-
ulated that the morphological changes of the spleen of mice
may be affected by the immune activity of the body.

Liu exposed more than twenty mice to 900 MHz electro-
magnetic radiation with a special absorption rate of 0.66 ±
0.01 W/kg for 2 h/d. After 50 days, the percentage of apop-
totic sperm cells in the exposure group was significantly
increased and total antioxidant capacity in rat sperm was
decreased greatly, which led to sperm cells decay rapidly [27].
Similar to the above results, when testing for sex hormones in
this work, it was found that the content of male testosterone
and female progesterone decreased, but the difference was
not statistically significant (p > 0.05). The male testicular
cell gap was increased, some cell borders were blurred and
cell glands were shrunken. Besides, the female ovary was
shrunken significantly and may show polycystic changes.
Above all, it is speculated that the mechanism of electro-
magnetic radiation on the mouse reproductive system may be
related to oxidative damage to germ cells.

The liver had the most effect in this experiment. Hepatic
cell edema occurred and caused cell damage, which was con-
sistent with the maximum peak value of the induced electric
field intensity at the liver in the simulation results. Similar
to the above results, Cevik et al. [28] found that long-term
exposure to EMFs could cause inflammatory changes and
apoptosis in liver of rats. It also explains that the simulation
results are instructive to the experiment.

V. CONCLUSION
In this paper, a WPT system model and a mouse model
are constructed at first. Based on this, the electromagnetic
environment of the system is calculated, the peak values of
induced electric field intensity and temperature changes of
each organ when themouse is in the system’s electromagnetic
field are analyzed too. The simulation results show that the
peak value of induced electric field intensity of the liver is
the largest, which is 1.43 V/m; the temperature rise of the
kidney is the largest, which is 2.736×10−6

◦
C, and the calcu-

lation results of all organs are lower than the safety standards
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formulated by the ICNIRP. The different cases of the mouse
in the system are also simulated. And the results indicate that
the shielding plate can effectively reduce the peak value of
induced electric field intensity and temperature rise of the
main organs. Then, a WPT system biosafety experimental
platform is set up to analyze the changes in organ tissue struc-
ture, immune factors, and sex hormone content whenmice are
exposed to the WPT system. The experimental results show
that there is no effect on the heart; the immune factor content
of the mouse increases significantly, and the testosterone and
progesterone content show a downward trend. It is speculated
that the morphological changes of the spleen may be affected
by the immune activity of the body, and the mechanism of
electromagnetic radiation on the mouse reproductive system
may be related to oxidative damage to germ cells. The liver
is affected the most, which is consistent with the result that
the peak value of induced electric field intensity of the liver
is the largest. This study provides a theoretical basis for the
security assessment of the WPT system.
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