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Abstract— This paper describes the application of a proposed 

spiral coil to the transformer of a transcutaneous energy transfer 

system for a totally implantable artificial heart. To reduce the 

number of rectifier components in the power receiving circuit, 

the shape of the power receiving transformer was reviewed. The 

results indicated that the power transmission efficiency between 

the transformers was almost the same as that of the receiving 

transformer with the same shape. In addition, the calculations 

indicated that the power transmission efficiency including that 

of the power receiving circuit was increased, and the number of 

components in the power receiving circuit was reduced. 

Keywords—artificial heart, spiral coil, center tap, inductive 

power transfer, rectifying circuit. 

I. INTRODUCTION  

Heart transplantation is performed to treat serious heart 
diseases [1], [2]. However, it is difficult to secure a sufficient 
number of hearts for transplantation. To address this, artificial 
heart implantation using cables to transmit power through the 
skin inside and outside the body is currently being clinically 
proposed [3]-[5]. However, this means that the patient is 
exposed to a risk of infection at the site of cable invasion or 
can suffer due to problems such as cable breakage. In order to 
solve these problems and improve the patient’s quality of life 
(QOL), a transcutaneous energy transmission system (TETS) 
[6]-[9] has been proposed as a reliable system that does not 
require any cables for power transmission. 

The TETS has a power receiving circuit implanted in the 
body for power transmission; thus, it is necessary to reduce the 
size of this power receiving circuit. However, general bridge 
full-wave rectification requires a large number of components 
in the rectifier, which increases the mounting volume of the 
board. Although half-wave rectification is an alternative 
solution to this problem, the ripple ratio becomes twice as large 
when using the same smoothing circuit as for full-wave 
rectification. This can be addressed by doubling the value of 
the smoothing capacitor, but this causes a large inrush current 
to flow when the power is turned on. This leads to an increase 
in the number of components for further failure protection. 
Owing to the problems that can occur with each rectification 
method, the center-tap full-wave rectification method is 
preferred over the others. In these systems, called externally 
coupled transcutaneous energy transmission systems [10], 
[11], a part of the skin is molded into a ring to match the shape 
of the core of the receiving coil. An externally coupled coil is 

 
 

magnetically coupled to the ring, and power is transmitted 
without invading the inside or outside of the body. However, 
there are only a few reports of this system because it 
significantly damages the appearance of the patients. 
Currently, a thin flat plate coil such as a spiral coil is mainly 
used for this method [12], [13]. Although this method does not 
compromise the appearance of patients, the general shape of 
the spiral coil makes rectification using a center tap impossible. 

In this paper, we propose a TETS that uses a two-wire 
Archimedean spiral coil (TASC) as a power receiving coil. 
The proposed TETS solves the following two problems of 
TETSs using a spiral coil for power reception. 

1) Maintaining the function of the full-wave rectifier 
circuit while reducing the number of components. 

2) Realizing a center-tap rectifier circuit without damaging 
the visual appearance of the patients. 

To confirm these improvements, this paper first proposes 
the TASC and compares its characteristics with those of 
typical spiral coils. Next, the equivalent circuit model is used 
to study the power transmission. Finally, the TASC is 
evaluated using an actual circuit. 

II. TRANSCUTANEOUS ENERGY TRANSMISSION SYSTEM 

Figure 1 shows a block diagram of a typical TETS. Electric 
power is sent to the inverter from a direct current (DC) power 
source in a rechargeable battery outside the body. The power 
sent to the inverter is converted to a 300 kHz alternating 
current (AC) power source and sent to the inside of the body 
using a transcutaneous transformer. The transcutaneous 
transformer uses magnetic coupling and thus does not require 
any cables. The energy delivered to the body is reconverted to 
DC power by rectifying and smoothing circuits for ease of use. 
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Fig. 1. Block diagram of transcutaneous energy transmission system. 
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This energy is then fed to an implanted backup battery and the 
actuator of an artificial heart. This study examines the 
transformer part. 

The TETS proposed in this paper uses wireless power 
transmission based on magnetic resonance coupling [14]–[16]. 
In general, the electromagnetic induction method is used for 
wireless power transmission, and it is an excellent method for 
power transmission with a range of a few millimeters. 
However, a TETS cannot shorten the distance because the 
power is transmitted through the skin. Therefore, we adopted 
the magnetic resonance coupling method, which is excellent 
for wireless power transmission with a small coupling 
coefficient. 

III. TWO-WIRE ARCHIMEDEAN SPIRAL COIL 

A. Structure of two-wire Archimedean spiral coil 

The transcutaneous transformer, which is responsible for 
the power transmission of the TETS, uses a spiral coil with a 
flat air core, as shown in Figure 2(a). The flat air-core spiral 
coil is suitable for implantation in the body because it does not 
require a large mounting volume. The proposed TASC shown 
in Figure 2(b) is made by winding two strands together with 
the same inner and outer diameters as the spiral coil shown in 
Figure 2(a). The TASC is designed with the same area as that 
of a typical flat air-core spiral coil. Therefore, it has the same 
advantages as those of a conventional one and can be easily 
replaced. The TASC can also be used as a spiral coil with a 
center tap by selecting and connecting two of the four nodes 
of the TASC. 

B. Comparison of power transfer efficiency 

To evaluate the performance of the TASC, we measured 
the power transfer efficiency when the power was transmitted 
from the spiral coil to the spiral coil or to the TASC. The 
measurement circuit is shown in Figure 3, and the parameters 
of the measurement circuit are listed in Table Ⅰ. There are four 
possible ways to select the nodes of the TASC; however, as 

the two wires are wound in the same shape, the efficiency was 
compared between the three cases shown in Table Ⅱ and the 
power transmission between the spiral coils. The distance 
between the transmission and receiving coils was set to 12 mm, 
which is the same as the thickness of skin, and the 
measurements were taken without inserting a bioequivalent 
phantom or a biological tissue between them. The inner 
diameter of the coil was 10 mm, and the outer diameter was 50 
mm. 

The results of the experiment are shown in Table Ⅲ. The 
results shown in the table indicate that the difference in power 
transfer efficiency between the spiral coils and Case 3’s TASC 
with one arm inside and the other arm outside is less than 0.01. 
The results show that the power transfer efficiency is the same 
for power transmission to a general spiral coil and the TASC 
with the nodes correctly selected. The direction of the current 
flow is different between Case 3 and the other cases. The spiral 
coil and the TASC in Case 3 have the same direction of current 
flowing in the neighboring conductors, but not in the other 
cases. We assume that this is the reason for the highly efficient 
power transmission. 

C. Self-resonant frequency 

The TASC has a larger parasitic capacitance between the 
windings than the spiral coils owing to its structure. This leads 
to a lower self-resonant frequency; therefore, if the 
transmission frequency is shifted due to misalignment or stray 
capacitance with the human body, it may behave unexpectedly. 
The spiral coil was fabricated with the same inner and outer 
diameters and the same total number of turns of the two wires 
as the TASC, and the self-resonant frequency was measured 
together with the TASC, as shown in Figure 4. 

 
Fig. 4. Self-resonant frequency of two coils. 
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Fig. 3. Power transmission 

efficiency measurement circuit. 

 

Vin

C

Rx
Tx Load

d TABLE I.  MEASUREMENT 

CIRCUIT’S PARAMETERS 

Parameter Value 

Vin 10 V 

Frequency 300 kHz 

C 15.7 nF 

Load 30 Ω 

d 12 mm 

 

TABLE II. MEASUREMENT CONDITIONS 

Node 1 2 3 4 

Positiona Inside Inside Outside Outside 

Linea Red Black Red Black 

Case 1 Power supply to spiral coil 

Case 2 Tapped Tapped Open Open 

Case 3 Open Tapped Tapped Open 

Case 4 Open Open Tapped Tapped 

a.
The position and line refer to the same thing as in Figure 2(b). 

 
TABLE III. POWER TRANSFER EFFICIENCY OF EACH CASE 

Case 1 2 3 4 

Power 
Transfer 

Efficiency 

0.7078 0.0077 0.6995 0.0056 

 

         
(a) typical spiral coil               (b) two-wire Archimedean  

                                                                    spiral coil 

Fig. 2. Shape of typical and proposed coils. 
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Figure 4 shows that the self-resonant frequency of the 
TASC is lower than that of the spiral coil; however, the 
inductance does not change significantly around 300 kHz. 
Thus, the TASC can be used at the same frequency as before. 

IV. CIRCUIT ANALYSIS AND MEASUREMENT 

Wireless power transmission to artificial hearts should be 
efficient. In Section Ⅲ, the power transfer efficiency between 
the coils was derived by measurement, but the power transfer 
efficiency changed considerably when the rectifier 
components and smoothing circuit were included. Therefore, 
the power receiving circuit was designed to improve the power 
transfer efficiency when the TASC was used. 

A. Equivalent circuit modeling 

There are several reasons for the reduced power transfer 
efficiency, but one of the prime reasons is the power 
consumption in the rectifier component. This consumption 
causes heat generation, which is a major issue for systems with 
power-receiving circuits implanted in the body. We are 
attempting to analyze the circuit using calculations; however, 
the analysis of the circuit with center taps is complicated and 
requires a long time. In this section, we will convert the center-
tapped rectifier circuit into a T-shaped equivalent circuit to 
make it easier to draw comparisons with the bridge full-wave 
rectifier circuit. 

A schematic of the power transmission from the power 
feed spiral coil to the power-receiving TASC is shown in 
Figure 5. Although this is not shown in the figure, L1, L2a, and 
L2b include the winding resistors r1, r2a, and r2b. The circuit 
equation for Figure 5 can be expressed as (1). 

[

𝑉1

𝑉2a

𝑉2b

] = 𝑗𝜔𝑳 [

𝐼1

𝐼2a

𝐼2b

] = 𝑗𝜔 [

𝐿1 𝑀12a 𝑀12b

𝑀12a 𝐿2a 𝑀2a2b

𝑀12b 𝑀2a2b 𝐿2b

] [

𝐼1

𝐼2a

𝐼2b

] (1) 

The TASC connections shown in Figure 5 can be 

considered to be connected in parallel to the ground voltage. 

By using admittance to simplify future calculations, (1) can 

be rearranged using the remainder factor, as shown in (2).  

𝑗𝜔 [

𝐼1

𝐼2a

𝐼2b

] = 𝑳−1 [

𝑉1

𝑉2a

𝑉2b

] =
1

|𝑳|
[

∆11 ∆21 ∆31

∆12 ∆22 ∆32

∆13 ∆23 ∆33

] [

𝑉1

𝑉2a

𝑉2b

] (2) 

As explained in Section Ⅲ-B, the two wires of the TASC 
are wound in the same shape. In this case, the inductance of 
each wire is ideally the same, so the current flowing and the 
voltage applied are also the same. Thereafter, L2 = L2a = L2b, r2 

= r2a = r2b, M12 = M12a = M12b, V2 = V2a = V2b, and I2 = I2a = I2b. 
We do not derive r0 in this study because it is not used in the 
derivation of power transfer efficiency.  

Figure 6 shows the T-shaped equivalent circuit of Figure 5 
with resonant capacitors inserted and the corresponding 
parameters. The circuit equation of Figure 6 can be expressed 
as (3) using the remainder factor in (2).  

𝑗𝜔 [
𝐼1

𝐼2
] =

1

|𝑳|
[

∆11 ∆21 + ∆31

∆12 + ∆13 ∆22 + ∆23 + ∆32 + ∆33
] [

𝑉1

𝑉2
] (3) 

(3) can be expressed in terms of voltage as in (4). From (4), 

the values of self-inductance L1’, L2’, and mutual inductance 

M’ in Figure 6 can be expressed as (5) using the parameters 

shown in Figure 5. 

[
𝑉1

𝑉2
] = 𝑗𝜔𝑳𝒑 [

𝐼1

𝐼2
] = 𝑗𝜔 [

𝐿1
′ 𝑀′

𝑀′ 𝐿2
′ ] [

𝐼1

𝐼2
] (4) 

{

𝐿1
′ = 𝐿1

𝐿2
′ = (𝐿2 + 𝑀2𝛼2𝛽) 2⁄

𝑀′ = 𝑀12

 (5) 

The other parameters, r2’, Cs, and Cp in Figure 6, were also 

obtained by using the parameters derived in Figure 5 and 

Figure 6, as an addition to the angular frequency ω0 and the 

coupling coefficient k between the transmission spiral coil 

and receiving TASC. 

𝑟2
′ = 𝑟2 2⁄  (6) 

𝐶𝑝 = 1 𝜔0
2𝐿2

′⁄    (7) 

𝐶𝑠 = 1 𝜔0
2𝐿1

′ (1 − 𝑘2)⁄  (8) 

B. Comparison of power transfer efficiency 

The inductance and coupling coefficients of the 
transmission spiral coil and the receiving spiral coil and TASC 
used in Section Ⅲ-B were measured. The results were 
substituted into (5) to (8), and the circuit was built based on 
the obtained values. A bridge rectifier circuit was used for the 
circuit using the spiral coil as the receiving coil, and a center-
tap rectifier circuit was used for the circuit using the TASC. A 
full-wave rectifier circuit is preferred to reduce the ripple. The 
spiral coil requires four diodes to achieve this, but the TASC 
is tapped, so it is possible to achieve this with only two of 
them. 

  

 
Fig. 5. Power transmitting circuit using a center-tapped coil. 

 
Fig. 6. T-shaped equivalent circuit. 

5409



  

The derived parameters are listed in Table Ⅳ. In this study, 
the power transfer efficiency was measured by varying the 
load resistance from 10 Ω to 50 Ω, assuming that the HVAD 
[17] is fed with power. A value of 10 Ω corresponds to a very 
large load resistance when the HVAD is turned on, but the 
rated load resistance is designed to be 33 Ω. According to the 
measurement results shown in Figure 7, the TASC is more 
efficient from 10 Ω to 33 Ω, while the spiral coil is more 
efficient for higher load resistances. At the assumed value of 
load resistance of the HVAD, the TASC was more efficient, 
and even when the load resistance became lower, the TASC 
was able to maintain a high efficiency of over 77%. 

V. CONCLUSIONS 

In this paper, we discussed a transcutaneous energy 
transmission system using a two-wire Archimedean spiral coil. 
We showed that the proposed coil could be fabricated to be as 
thin as a typical spiral coil, thereby not affecting the visual 
appearance of the patient. Our measurements also showed that 
the proposed coil is capable of highly efficient power 
transmission with an efficiency greater than 77% over the 
range of load resistances considered for use.  
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Fig. 7. Comparison of power transfer efficiency by measurement. 
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TABLE IV.  MEASUREMENT CIRCUIT’S PARAMETERS 

Parameter Value Parameter Value 

Vin 10 V d 12 mm 

Frequency 300 kHz M’ 5.43 μH 

Cs 21 nF L2’ 13.2 μH 

r1 100 mΩ r2’ 50 mΩ 

L1’ 15.6 μH Cp 21 nF 
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