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Abstract—This article proposes a transcutaneous resonant ca-
pacitive power transfer link for biomedical implants using parallel
thin-film electrodes as coupling plates. First, the practical multi-
layer tissue circuit model is obtained by tissue dielectric properties
and current path. Analysis is presented to identify the influencing
factors of loss mechanisms on power transfer efficiency (PTE) and
power delivered to the load (PDL). Then, an asymmetric insulation
layer coupler is proposed to reduce losses. The parameters of this
design are obtained from the finite-element method for maximum
PTE and high PDL. Moreover, the safety assessment and power
transfer strategies are performed according to the IEEE C95.1
guideline; 90.73 mW of PDL is safely received at 47.02% PTE.
Finally, two sets of comparative experiments are conducted at
6.78-MHz operating frequency using pork as the medium, evaluat-
ing the performance of symmetric insulation layer (/2 = 0.015 mm)
and asymmetric insulation layer coupler (/2 = 0.15 mm). The
experimental results show good agreement with the analytical and
simulation results; the asymmetric insulation layer compared with
the symmetry insulation layer improves efficiency by 8.9%.

Index Terms—Biomedical implants, capacitive links, capacitive
power transfer (CPT).

I. INTRODUCTION

MPLANTABLE biomedical devices in the human body
I are extensively utilized in medical diagnostics, treatment,
monitoring, and biological research. The required power for
these devices varies from a few microwatts to several watts,
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depending on the application scenario [1], [2], [3], [4], [5], [6],
[7], [8]. Presently, low-power implants, such as pacemakers,
rely on batteries predominantly, necessitating periodic surgi-
cal interventions for replacement due to their limited battery
capacity [9]. Higher power implants, such as artificial hearts,
commonly derive power through wire penetrating the skin,
introducing a potential risk of infection. Wireless power transfer
(WPT) technology is the preferred approach for energy supply
in implantable devices due to its sustainability and safety.

Different WPT technologies have been investigated in current
research, including ultrasonics [10], antennas [11], inductive
power transfer (IPT), capacitive power transfer (CPT), and vol-
ume conduction (VC) methods. Among these, IPT is considered
the most developed method for wireless charging and has been
extensively researched in implants, such as artificial hearts,
pacemakers, and neurostimulators, ranging from microwatts to
milliwatts [12], [13], [14]. However, there are two main limi-
tations to IPT. First, high eddy loss is inevitable, which makes
it difficult to integrate into implants with metallic components.
Second, the electromagnetic interference (EMI) may affect the
proper functioning of the implant devices. Implants powered by
ultrasonics or antennas at a depth of a few centimeters often face
the problem that their low power transfer efficiency (PTE) and
power delivered to the load (PDL) make it difficult to satisfy the
power requirements of some implanted devices.

VC has been extensively studied in human body communica-
tion [15], [16], and recently, it has been reported in the WPT of
implantable devices [17], [18]. VC and CPT are very similar in
that they both transmit energy through conduction and displace-
ment current between tissues. The difference is that VC is suit-
able for providing energy for deep low-power implants and has a
larger energy transmitter (Tx). Minguillon et al. [19] employed
a long threadlike implant as the voltage pick-up electrode and
human experiments were conducted. Unfortunately, the exposed
electrodes on the receiving side may cause infection in human
tissues. To address this problem, literature [20] investigated the
vertical four-plate structure with the insulation layer. However,
the validation was done using NaCl solution, which did not take
capacitance characteristics into consideration.

CPT, a novel optional WPT method, employs two pairs of
biocompatible insulated plates for energy transfer. The receiving
plates are usually designed to be thin and flexible to meet
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Fig. 1. (a)Single-layer tissue model in past resonant CPT. (b) Multilayer tissue
model analyzed in this work.

subcutaneous implantation requirements. To improve PTE and
PDL by reducing the impedance of the insulation layer capacitor
in the link, the resonant circuit and the nonresonant circuit are
typically used. The resonant circuit (<20 MHz) enhances the
energy transfer capacity by using series inductors, while the
nonresonant (>100 MHz) circuit raises the frequency to reduce
the impedance of CPT link [21]. Tamura et al. [22], [23], [24],
[25] followed their circuit model in fresh water and developed
a six-impedance transformation to a two-port II circuit model
of human tissue and then investigated nonresonant CPT for
intravascular implant and pacemaker. However, the rectifier
of nonresonant CPT reduces its ac—dc PTE above 100 MHz.
For resonant CPT, Erfani et al. [26] and [27] have introduced
and validated a six-impedance model for single-layer tissue.
Literature [28] analyzed nonideal conditions and confirmed
insensitivity to misalignments and bending of the plates caused
by human motion for resonant CPT. Literature [29] proposed
an algorithmic optimization design for resonant CPT as well
as nonresonant CPT, and experimental validation was done by
single-layer beef.

To minimize the detrimental effect of high fat layer impedance
on energy transfer link, subcutaneous implantation (between
skin and fat layer) of flexible and thin electrodes is a com-
mon option to ensure high PTE and PDL for resonant CPT.
Long-term subcutaneous implantation has been validated to be
safe by a long-term in vivo experiment [38] as well as practical
applications [30]. However, current resonant CPT studies focus
on the impact of the tissue between insulated Tx and receiver
(Rx) plates, as shown in Fig. 1(a). In fact, there are multiple
layers of tissue behind the plates, as shown in Fig. 1(b); some
nonresonant CPTs consider the real implantation environment,
but the impact of these tissues on the CPT link has not been
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Fig. 2. (a) Single-layer tissue with one pair of uncoated plates (left) and its
circuit model (right). (b) Multilayer tissue with one pair of coated plates (left)
and its circuit model (right).

investigated. Therefore, additional research is required to inves-
tigate the impact of multilayer tissue on resonant CPT energy
transfer and design coupling link that mitigate adverse effects.

The main contributions of this article are summarized as
follows.

1) The effect of frequency-dominated tissue dielectric prop-
erties on the resonant CPT link is analyzed, and the
two-port I impedance circuit model of multilayer tissue
in the resonant CPT link is proposed to analyze the power
distribution as well as the loss mechanism.

2) The design of a practical asymmetric insulation implants
aiming for high PTE and PDL is detailed, and the effects
of operating frequency, compensation, and insulation on
the link are illustrated.

3) Strategies to improve PDL, misalignment tolerance, and
implant miniaturization are discussed under the IEEE
C95.1 guideline.

The rest of this article is organized as follows. Section II
analyzes the dielectric properties of tissue layers and derives the
circuit topology. Section III designs the coupler and analyzes
the energy transfer capability. In Section IV, safety standards
are discussed, and power transfer strategies are evaluated. In
Section V, two sets of comparative CPT experiments are con-
ducted, and the experimental results are compared with the ana-
lytical and simulation results. Finally, Section VI concludes this
article.

II. DIELECTRIC PROPERTIES AND CIRCUIT MODELS OF
BIOLOGICAL TISSUES IN THE CPT LINK

A. Tissue Model in the CPT Link

The human body primarily comprises skin (~16% in weight),
fat (10%-30% in weight), and muscle (30%—-50% in weight),
collectively forming a multilayer tissue. Each layer of tissue,
as dielectric material, exhibits both capacitance and conduc-
tivity. It can be modeled as a pair of parallel resistance and
capacitance, as shown in Fig. 2(a) [27]. The capacitor C, allows
for displacement current /p without losses, while the resistance
Ry, allows for conducting current /¢, causing thermal effects in
the tissue, which are the main losses in the link. The relative
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permittivity ,(w) and conductivity o(w) are functions dom-
inated by three main relaxation regions as frequency changes.
Obtained by Gabriel’s Cole—Cole model [31], [32], [33], the
complex relative permittivity of the tissue £* can be shown
by

Ji

OC—i—zjl—i— (jwT) (1 on) +jw€o )
where €, is the permittivity at the frequency much higher than
the first relaxation resonance, Ae,, is the magnitude of the
dispersion for the nth relaxation region, 7 is the time constant
of the tissue, o; is the static ionic conductivity, €¢ is the vac-
uum permittivity, and «, is the distribution parameter. Relative
permittivity and conductivity can be shown as

£ (w) = real(e*) (2)
or(w) = —2m fep - imag(e"). 3)

Multilayer tissue can be simplified into three layers, represent-
ing the skin layer, the fat layer, and the muscle layer, as shown in
Fig. 2(b). Film plates with insulation layers are placed in parallel
on both the sides of the skin layer, and the Rx electrode plates
form capacitance Cy, and Cs, with the skin and fat, respectively.
The Tx electrode plates form capacitance Cg; with the surface of
skin. The use of insulating material for wrapping avoids the risk
of potential infection while allowing the thin insulating layer
to form capacitances Cg; and C; that dominate the equivalent
capacitance Ceg.

The tissue dissipation factor 7gd(w), a function of frequency,
represents the ratio of conduction current to displacement cur-
rent and indicates the rate of energy loss, which can be expressed
as

1 C ar (w)

t90) = 7- = ooy 4)
To improve PTE, it is crucial to choose a working frequency
with the low tissue dissipation factor. Fig. 3 shows the relative
permittivity, conductivity, and tissue dissipation factor for skin,
fat, and muscle at operating frequencies ranging from 10 to
10'°Hz. As can be seen, in the frequency range of 100 kHz
to 40 MHz, the tissue dissipation factor of skin, which is the
primary medium for energy transfer, increases with frequency.
In addition, fat and muscle tissue exhibit a higher energy loss rate
than skin. To comply with the ITU-R regulations on radio fre-
quency (RF) bands, 6.78 MHz in the industrial scientific medical
(ISM) band is chosen as the operating frequency, considering of

the dissipation factor 7gd(w).

B. Transcutaneous CPT Link Model

When two pairs of plates with insulation layers contact hu-
man skin, capacitive coupling is formed between the plates.
This allows energy to be transferred by currents (conduction
and displacement currents), which are geometrically segmented
according to the different tissue layers of human body as well
as the path of the currents and are modeled with both the
transverse and longitudinal impedances. As shown in Fig. 4(a),
Z;; characterizes its transverse impedance, Z; characterizes its
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Fig. 3. (a) Conductivity, (b) relative permittivity, and (c) dissipation factor as
function of frequency for different tissues.

“ t)

longitudinal impedance (i = 1,2,3,4; j = s, f, and m, where
stands for skin, “f” for fat, and “m” for muscle) and bypass
impedance Zg characterizes the impedance of the current path
from the side entry to the fat layer, which is usually very large.
Each impedance can be modeled as a capacitor and a resistor
in parallel. As the impedance of the insulation layer cannot be
ignored in the resonant CPT link, the Tx insulation capacitance
is expressed as Cgj2, and the Rx insulation capacitance is
comprised by two parts: 1) upper insulation layer capacitance Cq
and Cs, formed between the Rx copper plate and the skin, and 2)
lower insulation layer capacitance Co and Cy, formed between
the Rx copper plates and the fat, where C; = C3 and Cy =
C,4. The magnitude of these capacitances depends on the area
and thickness of the insulation layers, as well as their relative
dielectric constants.

The series inductors compensating the insulating layer capac-
itance at the Tx and Rx sides can be expressed as

1
L =k{——— 5
S1,2 T (5
[ ©)
b2 20-12011,35
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where ki and ko represent the compensation coefficients, and
the skin surface voltage Us can be expressed as
Zints
(k1 — 1)jwLs1 + Zints
To keep Us from being affected by the impedance of the back
stage, kq presets to “1” to maintain Us = Uj,. Then, the circuit
topology of Fig. 4(a) is divided into two parts: the skin tissue
with input impedance Z;,,;; shown in Fig. 4(b) and the Rx plates
with the input impedance Z;,to shown in Fig. 4(c). For further
analyzing the circuit working principle, we calculate the circuit
through the Kirchhoff voltage law (KVL) for Fig. 4(b) and (c).
The KVL equation of Fig. 4(b) indicates that
1 1 1 Us
Uz | =+=—+= ) =+ 8
Z4a+&+%> 7 ®)
where Zy = Z15+Zss and Zs = Zog+ Zint1+ Zss. According
to (8), I, and Ii,¢1 are determined to be
Us
717512y + 1) Zs+ 1] Z5)
Us 1 1
In = —+—=]. 10
7, (17 +1/2. +1/7) (Zz zs> (10
The equation that describes the relationship between /; and
I, in Fig. 4(c) can be expressed as follows:

Uin. )

Us=2

(€))

Iintl =

1

—— + Zin

ij4 * t2>
(11)

where I and /5 represent the current flowing into the load and
the backside tissue, respectively. The ratio of current /; to current
I, and the currents can be expressed as follows:

. . 1
II(JWLl —|— ijQ —|— RL) = Ig (— —|—
JwCs

a=14 — Zint2+2/jwCs
- 12 - RL72k2/ijl

L = p}LaIinu (12)
Iy = 5 fint1-

Three mechanisms of losses that contribute to PTE degra-

dation can be sorted out from the above analysis, namely, the
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Fig.5. (a) Schematic of the geometric model in COMSOL. (b) Exploded view
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skin loss Pjoss1 caused by the impedance Z 2 3 4 and Zg, the
backside losses Pjoss2 caused by Zingo, and other losses Piosss
caused by insulation dielectric loss and parasitic resistance of
the inductors. Pjoss1 and Piogs2 can be expressed as follows:

Pioss1 = Re[linZ1(Iin)" + Iint1(Zas + Z4s) (lint1)"

+ (Lin — Lint1) Zs (Lin — Tint1)"] (13)
-Plos52 = Re(IZZint2I;)~
Then, PDL and PTE can be determined as
PDL = 112 - Ry,
Py =real(Uy, - 1) (14)

PTE = PDL/P;;, x 100%.

Equations (13) and (14) illustrate the losses, PTE, and PDL
as a function of the input voltage U;,,, human tissue impedance,
load Ry, compensation coefficients k2, and insulation layer
capacitance. Design of the coupler is required to reduce tissue
losses and enable a greater portion of the input current flow-
ing into the upper insulation layer to be directed through the
load, rather than passing through lower insulation layer to the
backside, which will enhance PTE.

III. INSULATED CAPACITIVE COUPLER DESIGN AND
SIMULATION ANALYSIS

The previous section has modeled the circuit and analyzed the
factors influencing PTE and PDL. In this section, the parameters
of the capacitive coupler are designed, and energy transfer
capability is assessed.

The simulation model is setup in COMSOL, which is calcu-
lated by the electrical circuit and current interfaces of the ac—dc
module in Fig. 5(a). The Kapton film, due to its biocompatibility,
is coated to the copper plates of 400 mm? in area (R = r =
11.28 mm) and 0.01 mm in thickness. The polar plates are
designed to be circular, which allows for a more even dispersion
of stress in the surrounding tissue, reducing the risk of tissue
damage. The thickness of the insulation layers of the Tx plates
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TABLE I
MODEL GEOMETRIC PARAMETER VALUE

Parameter Value Parameter Value
ds 3 mm d 3 mm
dr 8 mm h 0.005-0.30 mm (Kapton)
dm 7 mm 23 0.015-0.30 mm (Kapton)
v 6.78 MHz R 11.28 mm
L 10-100 mm 11.28 mm

TABLE 1T
DIELECTRIC PROPERTIES OF MODELED TISSUES AT THE FREQUENCY OF
6.78 MHz [31], [32], [33]

Tissues Relative permittivity Conductivity (S/m)
Skin 478.41 0.147
Fat 34.98 0.049
Muscle 233.27 0.602

©
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Fig. 6. Simulated equivalent capacitance and impedance angle of parallel

plates with three different upper insulation layer thicknesses 71 .

and the upper insulating layer of Rx plates is set to #;, and the
thickness of the lower insulating layer of the Rx plates is set to
to. L represents the Tx edge-to-edge separation, d represents the
implant depth, and R and r represent the radius of the Tx and
Rx plants, respectively. The exploded view of symmetric and
asymmetric insulation Rx plates is shown in Fig. 5(b). Model
geometric parameters are shown in Table I. Arranged from top to
bottom are skin, fat, and muscle, and their dielectric parameters
are shown in Table II.

A. Design of the Upper Insulation Layer

The circuit topology of Fig. 2(b) is used to investigate a pair
of parallel plates with insulating layers. The relative permit-
tivity of human tissues is usually much higher than insulating
material. For example, at 6.78 MHz, the relative permittivity of
skin can be as high as 478.41, whereas for Kapton, it is only
3.4, which results in the insulation layer having a significantly
smaller capacitance than the tissue capacitance within a certain
thickness range, thus dominating the equivalent capacitance of
parallel plates C.q. Fig. 6 demonstrated the equivalent capaci-
tance C.q and impedance angle for three distinct insulating layer
thicknesses #; (0.005, 0.015, and 0.025 mm). The decrease in
relative permittivity and rise in conductivity of tissue occur at
frequencies between 1 and 20 MHz, which results in a drop
in the equivalent C.q and the equivalent impedance angle 6.
Concurrently, the impedance angle is related to the equivalent
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dissipation factor between the copper plates, which is shown as

11
jwceqReq tg|9| .

tg0eq = (15)

The simulation results indicate that a thicker insulation layer
t1 results in a smaller 7gd.q; however, it should be noted that
the dissipation factor in human tissue is an only frequency-
dependent function, and the decrease in #gd.q for different #;
at a fixed frequency in the aforementioned analysis is mostly
due to the increase of dielectric loss in the insulating layer.
Both 11 = 0.015 mm and #; = 0.025 mm exhibit improved
characteristics as the frequency varies, maintaining a constant
equivalent capacitance and exhibiting a greater link stability.
Considering the thickness as well as the dielectric properties, #;
= 0.015 mm is chosen.

B. Design of the Lower Insulation Layer

The direct contact of the lower insulating layer of Rx plates
with the fat layer results in a portion of the current flowing
into the backside tissue layer, leading to losses. According
to (12)—(14), both a larger value of o and a higher efficiency
of PTE can be achieved by designing the thickness of the
lower insulating layer #,. Fig. 7 depicts the simulation results
of PTE variation with insulation thickness 7, (0.015-0.30 mm)
at different frequencies. As to increases, lower frequencies are
more affected by the thickness of the lower insulation layer
12, while a greater efficiency could be achieved. At 6.78 MHz,
PTE increases from 44.1% (to = 0.015 mm) to 50.12% (t, =
0.15 mm), which represents an increase of 6.02% in PTE. After
to reaches 0.15 mm, the rate of efficiency growth slows down. It
can be assumed that most of the current flowing into the backside
tissue causing backside losses is effectively isolated, and high
PTE is achieved when ¢, is set as 0.15 mm.

C. Design of Compensating Inductors

For transcutaneous CPT systems, series-series (SS) and
series-parallel (SP) compensation is usually utilized to improve
the PTE as well as power factor of the system, and SS com-
pensation is used in this article due to its smaller inductance.
To ensure that the voltage Uy between human tissues remains
limited, higher order compensation is not employed, preventing
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Fig.8. (a)Simulated PTE as a function of k; and k2 at 6.78 MHz. (b) Simulated

PDL as a function of k1 and ko at 6.78 MHz.

thermal and electrostimulation to the body. In order to investigate
the mechanism of the influence of the Tx and Rx compensating
inductors on the PTE and PDL clearly, the curves of the PTE
and PDL as a function of k; and ko have been derived from
simulations, as shown in Fig. 8. In these curves, each data point
of PTE and PDL has been tracked to its optimum efficiency load
point. In addition, the peak input voltage U;, has been setto 5 V.

The compensation coefficients k; and k5 range from O to 3.
The value of 0 for either k; or ko indicates no compensation at
the Tx or Rx side. From Fig. 8, it can be noticed that k; has
almost no effect on the PTE and only changes the amplitude
as well as the phase of the skin surface voltage Ug, which is
consistent with (7). The effect of k; on Ug can be further realized
from Fig. 9. Compared with k; = 1, k; = 2.2 has a larger Ug
amplitude, and the PDL is proportional to the square of the Ug
amplitude, independent of the phase of Ug. In addition, when
ki1 = 2.2, it can be found that the amplitude of Ug varies with
the load, which leads to a load shift and makes it difficult to
control the input voltage amplitude of Uj,. Then, coefficient k
affects both PTE and PDL of the system, and when k- increases
from O to 1.3, the Rx inductors enhance the PTE by decreasing
the Rx link capacitive reactance, thus improving the PTE. The
maximum PTE of 50.12% is achieved at ko = 1.3. With a further
increase in ko, the inductive reactance of the Rx link increases
inversely, causing a decrease in PTE. It is worth noting that even
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when ko = 0, the system maintains an efficiency of above 45.7%,
but this leads to a low PDL. As a result, a larger input voltage
Ui, 1s required to maintain the same PDL.

PTE estimates the amount of energy lost in body tissues, and
the higher the PTE, the more energy can be transmitted within
specific absorption rate (SAR) limits. Therefore, the maximum
PTE is used as the target to design the inductors, with k; = 1
and k9 = 1.3 chosen.

D. Power Transfer Capability

In this section, we evaluate the designed coupler in terms of
implantation depth d, edge-to-edge separation L, and misalign-
ment of the X-axis and the Y-axis.

Fig. 10(a) illustrates the impact of implant depth on PTE and
PDL. The results indicate that the maximum PTE and PDL are
obtained when located between the skin and the fat layer. PTE
and PDL decrease rapidly with increasing fat thickness when the
implant is in the fat layer, while both of them are less affected
by the muscle tissue when the implant is implanted between
the muscle layers. This suggests that implantation into the fat
layer or below is a great challenge for the CPT system due to
the large surface currents as well as the high dissipation factor
of fat. Concurrently, the energy transfer varies significantly due
to individual differences in fat thickness. The designed flexible
thin-film electrode in this article (only 0.175-mm thick) allows
it to be implanted between the skin and the fat layer while
maintaining good biocompatibility and high PDL and PTE,
making it suitable for powering mid-to-high power medical
subcutaneous implants.

The results in Fig. 10(b) show that the maximum PTE and
PDL are obtained when edge-to-edge separation L = 100 mm
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implant depth.
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Fig. 11.  Electric field distribution of (a) asymmetric insulation implants and
(b) symmetric insulation implants.

(PTE = 52.96% and PDL = 51.07 mW). The lowest PTE and
PDL are obtained when L = 1 cm (PTE = 50.12% and PDL =
48.06 mW). As L increases, the PTE increases by less than
2.84%, and the PDL increases less than 3.01 mW. Therefore,
a small L can also maintain a considerable PTE and PDL.

In practical applications, misalignment between the Tx and
Rx plates is inevitable due to human movement. Therefore,
Fig. 10(c) depicts the simulation results for misalignments be-
tween 0 and 10 mm in the X-axis and Y-axis at 3-mm implant

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 2, FEBRUARY 2025

V)
5

L ——— SS—— st

J

() (b)

Fig. 12.  Electric potential distribution of (a) asymmetric insulation implants
and (b) symmetric insulation implants.

depth. The results indicate that an efficiency of over 38% can be
maintained when X = 5 mm and Y = 5 mm. However, only 30%
and 27% efficiency can be achieved when X = 10 mm and ¥ =
10 mm, respectively. This shows that the system misalignment
tolerance is not good enough. Furthermore, a larger area of the
Tx plate can be used to increase the misalignment tolerance,
which will be discussed in Section IV-C.

IV. SAFETY ASSESSMENT

In the previous section, the coupler is designed, and the
structure of the asymmetric insulation layer is presented. In
this section, SAR and temperature field safety assessments are
performed for asymmetric and symmetric insulations. Further-
more, the strategy to improve the energy transfer capability and
miniaturize the Rx components within the safety constraints of
SAR is investigated.

A. SAR Assessment

IEEE C95.1 [34] guideline identifies two primary safety con-
cerns for human exposure to RF electromagnetic fields: tissue
thermal effects limited by SAR from 100 kHz to 300 GHz and
electrostimulation limited by electric fields in the frequency
range of 0 Hz to 5 MHz. According to the guideline, only
SAR limits apply for the 6.78-MHz operating frequency. The
restriction of maximum local SAR averaged over any 10 g of
tissue in the shape of a cube is limited to 2 W/kg. SAR can be
correlated to E, 5 at a point in the body by

Erms|?
SAR — | Ems|”

(16)
where o is the conductivity of human tissue in S/m, p is the den-
sity of human tissue in kg/m3 , and E, s is the root-mean-square
electric field strength of tissue in V/m. The local SAR averaged
per 10 g of tissue is calculated according to the guidelines [34],
[35], which is a volume average of SAR at each grid point
within an equilateral length cube of mass 10 g. COMSOL is
used for safety assessment, and the electric field and electric
potential distribution simulation results for symmetric insulation
and asymmetric insulation implants at a safety limit of 2 W/kg
are shown in Figs. 11 and 12.

Fig. 13 demonstrates the PDL for the symmetric insulation
(t2 = 0.015 mm) and asymmetric insulation (f, = 0.15 mm)
implants with an average SAR of 2 W/kg as safety limitation.
For asymmetric insulation implants, 64.67 mW is transmitted
at 50.12% PTE, and for implants with symmetric insulation,
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47.01 mW of energy is safely transmitted at 43.07% PTE.
Asymmetric structures can transmit around 37.56% extra energy
compared with symmetric structures, which is a great enhance-
ment for transmission capacity.

B. Temperature Field Evaluation

The temperature increase of tissue is also a part of the
safety assessment; literatures [36] and [37] demonstrate that
the thermal tolerance limit of the skin for long duration of
time is 41.8°C °C and will cause damage or pain to the human
body when reaching 42°C—45 °C. With the initial human body
temperature set at 36.5 °C, Fig. 14 displays the temperature
increase distribution of asymmetric insulation and symmetric
insulation implants that are wirelessly charged for 1 h at 64.67-
and 47.01-mW PDL, respectively. The results show a maximum
temperature rise of 0.93 ° and 0.90 °C, which is in compliance
with biosafety specifications.

C. Power Transfer Strategy in SAR Limits.

In this section, the strategies to improve PDL, misalignment
tolerance, and implant miniaturization under SAR safety con-
straints by varying the radius of Tx and Rx plates are investigated
for asymmetric insulation implants (f; = 0.015 mm and 7, =
0.15 mm). Set the radius of the Tx plates as R = r; x11.28 mm
(1 <r; <1.8) and the radius of Rx plates as r = rox 11.28 mm
(0.2 < ry < 1), where r; and ro as the radius factors. Edge-to-
edge distance L maintains 10 mm.

Fig. 15 shows the maximum PDL at different Tx and Rx sizes
at an average SAR limit of 2 W/kg, and each data point has
tracked to its optimum PTE load. It can be found that increasing
the Tx radius R improves the PDL, and the PDL increases rapidly
with 7; when 1 < r; < 1.4, and the growth rate slows down
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atri:rg = 1.4:1.

when 1.4 < r; < 1.8. With ri:ro = 1.4:1, 90.73 mW PDL can
be safely transferred, which is 26.06 mW more compared to
ri:r9 = 1:1. The Rx radius r has a significant effect on the PDL,
which decreases as the PDL decrease. However, a sizable PDL
can still be maintained with a larger Tx radius, which provides
a strategy for implant miniaturization. When ry:ro = 1.4:0.8,
67.48 mW PDL is safely delivered, which is 2.81 mW more
compared to r1:r2 = 1:1; meanwhile, the Rx is only 64% of the
original area. As ro continues to decrease, the improvement by
increasing ry decreased significantly. Therefore, ry:ro = 1.4:0.8
is chosen as an optional strategy for miniaturization.

Fig. 16 shows the misalignment tolerance for ry:ro = 1.4:1,
which has a 3% reduction in efficiency when X = Y = 0 but sig-
nificantly improves the overall system misalignment tolerance
compared to ry:rp = 1:1 in Fig. 10. Larger Tx radius reduces
the transverse impedance Z; » 3 45, longitudinal impedance Zs,
and bypass impedance Zg, thus causing an increase in PDL
and reduction in PTE. Large PDL and excellent misalignment
tolerance simultaneously achieved at 1.4:1.

V. EXPERIMENTAL VERIFICATION

A. Experimental Setup

To validate the accuracy of the proposed transcutaneous
CPT model and the superiority of the designed coupler, an
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TABLE III
SYSTEM PARAMETER VALUE
Parameter Value Parameter Value
Unn 6.1V Cis 853 pF
f 6.78 MHz Al 0.015 mm
Lsi2 330 nH b 0.015 mm, 0.15 mm
Lz 820 nH R 15.79 mm
Csi2 1696 pF r 11.28 mm

experimental test is conducted using pork. For a better match
between the experimental results and the simulation results, the
pork is prepreserved in the thermostat to keep it at 36.5 °C.
Flexible copper foils of 0.01 mm thickness are coated with
Kapton insulating film, and Rx plates are divided into two groups
of symmetric insulation (#; = 0.015 mm and ¢, = 0.015 mm)
and asymmetric insulation (#; = 0.015 mm and > = 0.15 mm),
as shown in Fig. 17. The Tx plates (R = 1.4x11.28 mm) are
placed in contact with the skin of the pork, and then, the Rx
plates (r = 11.28 mm) are inserted underneath the 3.2 mm-thick
skin through a thin incision. The experimental setup is shown in
Fig. 18.

As MRI compatibility is often a requirement for transcuta-
neous implants, RF inductors (TDK MLF series) with 1.2 mg
weight ferrite are used to compensate the circuit, which will not
pose as a hazard to MRI patients implanted with the device.
The value of the inductors is calculated by (5) and (6) based
on the capacitance of the insulating layer obtained from the
impedance analyzer (Keysight E4990A). The signal generator
(Tektronix AFG3102C) drives the wideband amplifier (Aigtek
ATA-1220E), producing a sinusoidal voltage U;,, of 6.1 V, at the
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and t5 = 0.015 mm).

Tx side. The voltage U;, and current I;;,, and I,; are measured
using the oscilloscope (Tektronix MDO34). Differential probes
are used to eliminate the loop coupling formed between the
power amplifier and the oscilloscope through the ground. Then,
the PTE and PDL are calculated according to (12), (13), and
(14). The system specifications are listed in Table III.

B. Simulation and Experimental Results

Fig. 19 depicts the PDL for two sets of comparison experi-
ments when the load is increased from 10 to 10 000 €2. In both the
sets of data, the simulated results in red are generally in agree-
ment with the analytical results in blue. The experimental results
in black show a slight deviation from both the simulation and
analytical results. The maximum PTE simulation for asymmetric
insulation is 47.02% (Ry, = 98 (), and experiment is 45.28%
(R, = 82 ©), maximum PDL simulation is 116.51 mW (Ry, =
32 2), and experiment is 113.6 mW (Ry, = 68 2). For symmetric
insulation, the maximum simulated PTE value is 41.03% (Ry, =
100 ), while the experimental value is 36.4% (R, = 91 ),
and the maximum simulated PDL value is 79.13 mW (Ry, =
40 ), while the experimental value is 88.78 mW (Ry, = 51 Q).
The maximum PTE of the asymmetric insulation is enhanced
by approximately 8.9%, and the PDL was enhanced by about
24.8 mW compared to the symmetric insulation layer.

It can be observed that for both the sets of results, the loads
R;, of maximum PTE and maximum PDL obtained by the
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TABLE IV
COMPARISONS BETWEEN RECENT WORKS

[12] [40] [23] This work
Nonresonant Resonant
WPT method IPT IPT CPT CPT
Medium Air Pig Pig skin pork
Depth 10 mm 50 mm 5 mm 3 mm
Frequency 1 MHz 40.68 MHz 442.4 MHz 6.78 MHz
. Diameter Diameter One pair of Two pairs of
Rx Size
20 mm 14 mm 900 mm? 400 mm?
PTE 41.2% 0.27% 50.4% 47.02%
(AC-AC)
PDL - 54 mW 71.3 mW 90.73 mW

experiment are much closer to each other, whereas Ry, of maxi-
mum PTE and PDL obtained by the simulation and the theoret-
ical analysis is somewhat different. Also, we can observe that
the PTE achieved by the experiment is about 2—5% smaller com-
pared to the simulation and analysis. The difference mentioned
earlier is caused partly by the internal resistance of the wire
and the compensating inductors and mainly by the difference
in dielectric properties between pork tissue and human tissue.
Meanwhile, the dielectric properties of pork vary with storage
time, freshness, temperature, etc., and these factors ultimately
lead to some load shift and efficiency reduction in experimental
results. However, the two sets of experimental results still illus-
trate the accuracy of modeling and the superiority of the coupler
design. The waveforms of the input voltage, current, and output
current are measured when Ry, = 82 2 for asymmetric insulation
implants, as shown in Fig. 20. It is noted that the input current in
green is 12.2° ahead of the input voltage in blue, which indicates
that the link exhibits capacitive.

C. Comparison With Recent Works

Table IV shows a comparison with recent work. IPT has great
success in powering moderate of power to deep implants. CPT is
more suitable for delivering 70—100 mW of energy for implants
less than 5 mm depth due to its smaller EMI. Compared to non-
resonant CPT [23], the implant depth in our work is shallower,
but it can transfer more energy to the load under the limitation
of SAR = 2 W/kg, and the efficiency of the rectifier will be
improved at 6.78 MHz compared to hundreds of megahertz.
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Limited by energy transfer depth, the coupler designed in this
article is suitable for powering subcutaneous implants, such as
glucose and enzyme detectors [38], or powering the device via
biocompatible wire. The wire between the device and the coupler
avoids individual fat layer differences but introduces the risk of
infection. Literature [39] suggested that the use of antibiotics
prior to implantation had a protective effect. Future work will
focus on optimizing the coupler to minimize the risk of infection
and designing the high-efficiency rectifier.

VI. CONCLUSION

In this article, the design of a human implantable resonant
CPT system with flexible thin-film electrodes is presented. The
accurate circuit model with multilayer tissue is proposed to
identify key influences on PDL versus PTE and then verified
by COMSOL simulation and experiment. A prototype system
with the asymmetric insulation structure is built, and 90.73 mW
of energy is delivered at 47.02% efficiency within the limits of
IEEE safety guidelines. In addition, the system is insensitive to
edge-to-edge separation and has good misalignment tolerance,
which is helpful for practical application.
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