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Abstract—Implantable biomedical sensors and actuators are
highly desired in modern medicine. In many cases, the implant’s
electrical power source profoundly determines its overall size and
performance [1]. The inductively coupled coil pair operating at the
radio-frequency (RF) has been the primary method for wirelessly
delivering electrical power to implants for the last three decades
[2]. Recent designs significantly improve the power delivery ef-
ficiency by optimizing the operating frequency, coil size and coil
distance [3]. However, RF radiation hazard and tissue absorption
are the concerns in the RF wireless power transfer technology
(RF-WPTT) [4], [5]. Also, it requires an accurate impedance
matching network that is sensitive to operating environments
between the receiving coil and the load for efficient power delivery
[6]. In this paper, a novel low-frequency (< 1 kHz) wireless
power transfer technology (LF-WPTT) using rotating rare-earth
permanent magnets is demonstrated. The LF-WPTT is able to
deliver 2.967 W power at ~ 180 Hz to an 117.1 2 resistor over
1 cm distance with 50% overall efficiency. Because of the low
operating frequency, RF radiation hazard and tissue absorption
are largely avoided, and the power delivery efficiency from the
receiving coil to the load is independent of the operating environ-
ment. Also, there is little power loss observed in the LF-WPTT
when the receiving coil is enclosed by non-magnetic implant-grade
stainless steel.

Index Terms—Biomedical implants, inductive coupling, wireless
power transfer.

I. INTRODUCTION

IOMEDICAL implants have been widely used in various

applications ranging from traditional cardiac pacemakers
[7] to emerging retina prostheses [8], brain computer interfaces
[9], drug delivery [10] and smart orthopedic implants [11].
Even after decades, delivering electrical power to implants
is still the most critical challenge to their function and per-
formance, which include size, life-span, signal processing
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capability of electronics, and data rate of wireless telemetry [1].
Non-rechargeable batteries can only support implants with
extremely low power consumption. For example, the battery
of a pacemaker, whose power consumption is about 8 uW [7],
occupies 90% of the total device volume [12]. In addition, it
must be replaced by costly invasive surgery every 5-8 years
[13]. Other implants, such as the interventional orthopedic
implants [11] and the mechanical pump based cardio implants
[14], require high power, to operate, and therefore cannot be
powered by a non-rechargeable battery. Although life-saving,
implant technology is severely restricted by the battery size,
the available power, and the costs associated with its limited
life-span. Thus, there is an immanent need for a wireless power
transfer technology (WPTT) that is capable of delivering sig-
nificant amounts of electrical power to implants in a safe and
noninvasive manner.

The air-core based radio-frequency wireless power transfer
technology (RF-WPTT) with two face-to-face inductive coils
has been the primary approach to wirelessly power implants
[2]. Although energy harvesting from bio-surroundings using
nanotechnology is a much more elegant solution, the scavenged
power is still in the nW range that is not powerful enough to
drive most implants [15]. The WPTT using ultrasound has the
advantage of penetrating bio-tissues with minimal loss. How-
ever, the delivered power and efficiency is quite limited at this
stage [16]. So far, the RF-WPTT has been widely studied and
adopted for various biomedical implants [17].

The RF-WPTT could pose some challenges in clinical ap-
plications when operating at high-frequencies. To pursue high
power delivery efficiency and a smaller receiving coil size, the
operating frequency of the RF-WPTT has been increased to the
GHz range [18]-[20]. At this frequency, accurate impedance
matching is needed in both the transmitting and receiving cir-
cuits to achieve the desired power delivery efficiency [8]. More-
over, the impedances of the both transmitting and receiving coils
are uncertain in many clinical applications, because they are
sensitive to the distance and the orientation between the trans-
mitting and the receiving coil [21], as well as the electrical prop-
erties of the bio-tissues between the coils [22]. The require-
ments of the meticulous alignment between the coils and the
accurate knowledge of the electrical properties of the transmis-
sion medium could be a challenge in clinical applications. Also,
conductive bio-tissues could significantly reduce the delivered
power in the RF range due to absorption [23].

Inspired by the wirelessly-driven magnetic gear that is used
to deliver mechanical power from an ex-vivo rotor to an in-vivo
rotor [24], a novel low-frequency wireless electrical power

1932-4545/$31.00 © 2012 IEEE



JIANG et al.: A LOW-FREQUENCY VERSATILE WIRELESS POWER TRANSFER TECHNOLOGY FOR BIOMEDICAL IMPLANTS

transfer technology (LF-WPTT) that operates around hundreds
Hz is presented in this paper. Such a low operating frequency
changes the paradigm of the WPTT’s design. In order to har-
vest enough power at such a low operating frequency, a strong
magnetic field is needed. Because a magnetic field generated by
rare-earth permanent magnets is far stronger than that produced
by a simple electronic system, rotating rare-earth permanent
magnets are used to deliver the same amount of electrical power
to an inductive coil at a much lower frequency [25].

Several advantages are derived from this low-frequency op-
eration: At < 1 kHz frequency range, the RF radiation hazard
is completely avoided [4]. The resistance instead of the reac-
tance dominates the impedance of the receiving coil because of
the low operating frequency. The former is unlikely to change
depending on the application. Thus, the impedance matching
for the efficient power transfer from the receiving coil to the
load does not tie in with various operating conditions. Because
of the low operating frequency, various ferrite materials can
be used in the receiving coil to enhance the coupling without
worrying about their hysteresis response time [26]. Moreover, a
slow-varying magnetic field from rotating permanent magnets
is able to penetrate various non-magnetic materials, including
conductive bio-tissues and implant-grade stainless steel housing
without significant loss.

In this paper, the LF-WPTT is described in Section II. Its
delivered power and efficiency are measured and analyzed in
Section III. In Section IV, the versatility of the LF-WPTT is
demonstrated experimentally. The advantages and disadvan-
tages of the LF-WPTT are discussed in Section V, followed by
the conclusions.

II. THE METHOD

In the LF-WPTT, the time-varying magnetic field is generated
by rotating permanent magnets and captured by a stationary in-
ductive receiving coil. The electrical power is induced in the
receiving coil by the time-varying magnetic field, like an elec-
trical generator.

A. The Strong Magnetic Flux Produced by Permanent Magnets

To compensate the low-frequency operation, strong mag-
netic field produced by permanent magnets is employed in the
LF-WPTT. The magnet used here is made of neodymium iron
boron (NdFeB) [27], which is one of the strongest permanent
magnets. A finite-element multi-physics simulation package,
COMSOL [28], is employed to determine how much electrical
current would be needed in a single-turn coil to generate the
equivalent magnetic flux produced by the permanent magnet.
In this simulation, the magnetization of the magnet is set to be
75,000 A/m as suggested in the magnets data sheet [27]. For
a disk magnet with 19 mm (3/4 inch) in diameter and 3 mm
(1/8 inch) in thickness, the magnetic flux density distribution on
the disks outer surface is plotted as the solid line in Fig. 1. The
total magnetic flux on the disk magnets surface is estimated as
~ 63 Wb from the simulation. To achieve the same amount
of the magnetic flux in a single-turn current loop with the same
diameter, the needed current is about 3.5 kA. The magnetic flux
density distribution of a single-turn current loop is plotted as the
dashed line in Fig. 1. In this paper, rotating permanent magnets
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Fig. 1. The radial distribution of the vertical (i.e., normal to the disk or the
loop) magnetic flux density I3z on the surface of (a) a disk magnet (solid line)
and (b) a single-turn current loop (dashed line).

- - . »

Hexagon rotor

1 Diameter=34mm
Number of turns=600
.| Resistance=43.5Q

>

Fig. 2. This is a picture of the rotary system with magnets and the receiving
coil. All the arrows on the disk magnets point to North. The receiving coil is a
hand-wound, 600-turn solenoid with the diameter of 34 mm.

driven by an electrical DC motor, instead of an inductive coil
driven by a high-current low-frequency electronics, are used to
generate the high-strength low-frequency magnetic flux.

B. The Rotating Permanent Magnets

The setup of the LF-WPTT used in this paper is shown in
Fig. 2. There are two disk magnets attached to the each side
of an iron hexagon rotor.! Each NdFeB disk magnet is 19 mm
(374 inch) in diameter and 3 mm (1/8 inch) in thickness. The
magnetization direction of these disk magnets is perpendicular
to their circular surface. Neighboring magnets are arranged to
have opposite polarity pointing the magnetic north pole in or
out to achieve maximum magnetic field variation in the coil.
The thickness of the rotor is also 19 mm and the diameter of the
hexagon rotor is 38 mm so that the edge surface of this rotor is a
19 x 19 mm square. The iron hexagon rotor is connected to an

1Tt is not necessary for the rotor to be hexagonal. Other polygonal rotors with
an even number of sides may also be used. Adjacent magnets need to have op-
posite polarity to achieve maximum power delivery.
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Fig. 3. The picture of the DC motor and the receiving coil used in this paper.
The motor is from Faulhaber (Model: 3272G012CR). The coil is hand-wound
with 600 turns and a diameter of 34 mm. The wire diameter is 0.025 mm.

electric DC motor via a machined shaft. The DC motor used here
is about 7-cm in length and 2.5-cm in diameter [29], as shown
in Fig. 3. Because the rotor is made of regular iron, the disk
magnets can be attached to the hexagonal rotor by the magnetic
attraction force and rotated together. In this way, the rotation of
disk magnets can be achieved without machining the magnets
themselves. Thus, the time-varying magnetic flux is produced
by the rotation of the hexagon rotor.

C. The Receiving Coil

Based on Faraday’s Law, the induced open-circuit voltage

voe of the receiving coil in the LF-WPTT is
diy(D,d)
VoOC = N di .

Here, N is the number of turns of the receiving coil, and 4( D, d)
is the magnetic flux captured by the coil. The captured magnetic
flux ¥»(D, d) is a function of both the diameter of the receiving
coil D and the distance between the coil and the magnet d (they
are illustrated in Fig. 10). When the diameter of the coil is less
than that of the disk magnet, some 7 from the magnet will not be
captured. If the diameter of the coil is much larger than that of
the disk magnet, the overall captured ¢/ will also be reduced be-
cause the flux produced by the adjacent magnet has the opposite
direction. The diameter of the receiving coil used here is 34 mm.
The coil has 600 turns and about 10 mm in length, as shown in
Fig. 3. With a bundle of ferritic NiZn rods [30] with 5 mm di-
ameter in the core, the coil’s inductance and resistance are and
34 mH and 43.5 €2, respectively. This coil is used throughout
this paper unless otherwise specified.

(1)

D. The Induced Open-Circuit Voltage voc

The induced open-circuit voltage v¢;)c can be accurately mea-
sured by connecting the receiving coil’s two-ends to an oscillo-
scope’s high-impedance probe directly. The waveforms of the
induced open-circuit voltage with and without a ferrite core are
captured in Fig. 4. The distance between the coil and the disk
magnet d is 10 mm and the rotor rotates at ~60 revolutions per
second. In Fig. 4, the waveform of the coil with a ferrite core is
sinusoidal and reaches 36.4 V at ~ 180 Hz (3x of the motor’s
rotating frequency when a hexagonal rotor is used).
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Fig. 4. The induced open-circuit voltage versus time from the receiving coil
with the air core and the ferrite core at a distance (i.e., from the disk magnet to
the receiving coil) of 10 mm.
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Fig. 5. The induced open-circuit voltage versus the motor’s rotating speed at
the distance of 50 mm.

E. voce at Different Rotating Speeds

One way to control vo ¢ is to change the rotors rotating speed,
as indicated in (1). The rotating speed of the DC motor can be
controlled by its supply voltage [29]. vo¢ is measured at dif-
ferent motors rotating speeds, when the receiving coil is placed
50 mm away from the rotating magnets. The measurement re-
sults are plotted in Fig. 5. The linear relationship depicted in
Fig. 5 is consistent with the above analysis and provides a pos-
sible approach to control the delivered power in the LF-WPTT.

III. THE DELIVERED POWER AND EFFICIENCY

In this section, the delivered power and the efficiency of the
LF-WPTT are analyzed, measured and discussed. Following
[31], the power flow and various power losses in the LF-WPTT
are illustrated in Fig. 6. First, power from the external source,
Prg, is consumed to rotate the magnets. Ideally, no power is
needed for rotating a rotor at a constant speed alone (without
the receiving coil) due to the rotation inertia. However, in re-
ality, there is a power loss to overcome the rotors own loss.
Once the receiving coil is engaged (close to the rotating mag-
nets), the rotor requires extra power, Pr, to overcome the drag
force caused by the induced current in the receiving coil. The
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Fig. 6. The power flow diagram in the LF-WPTT.

Fig. 7. An equivalent circuit of the receiver. vo ¢ is the induced open-circuit
voltage from the receiving coil. L and Fs are the inductance and resistance
of the receiving coil. R, is the load resistor. v, is the voltage across the load
resistor.

power induced in the receiving coil is split between the power
delivered to the rest of the load, Pr, and the power dissipated by
the receiving coil, Ps. In this section, the discussion focuses on
Pr,. and the overall power transfer efficiency, 70y, which is the
ratio of the delivered power to the load, Pz, to the total power
consumed by the electric motor, Pk .

A. The Delivered Power

The delivered power is important for most of implants [1].
An equivalent circuit, depicted in Fig. 7, is used to analyze
the delivered power to a load in the LF-WPTT. Similar to the
far-field RF-WPTT described in [32], the impedance of the re-
ceiving coils is independent of the mechanical-electrical cou-
pling. The vp ¢ represents the induced open-circuit voltage. L
and Rg are the inductance and parasitic series resistance of the
receiving coil, respectively. Ey, is the load resistor. In contrast
to the RF-WPTT, the matching capacitor in the dashed line box
is purposely neglected here because of the low frequency. The
voltage developed across the load resistor, vz, can be calculated
as

iz @
v = Vo0 —— .
L= 0% LY Rs + Ry,
Thus, the delivered power, Pz, can be calculated as
1 v?
P, =-L, 3
L= 3R, 3

In the RF-WPTT, wl in (2) is significantly larger than Rg
and R, therefore, a matching capacitor, either in-parallel or
in-series with Ry, (shown as the dashed line boxes in Fig. 7),
is needed to achieve the conjugate match between the receiving
coil and the load resistor for the maximum power transfer [33],
if desired. Because the impedance of the coil correlates to the
coupling with the transmitting coil [34], as well as the dielectric
properties of its surroundings [22], choosing the right value of

Delivered Power PL W]

200 300 400
Load Resistance F{L []

Fig. 8. The delivered power P (estimated via the measured voltage across
the load resistor v, ) is plotted versus different load resistance at the distance of
10 mm (the solid line with circles), 30 mm (the solid line with squares) and 50
mm (the solid line with asterisks). The maximum deliverable power, Pz, yax,
(estimated via the measured open-circuit voltage vo ) is also plotted as the
dashed lines.

the matching capacitor for various operating conditions is often
challenging.

Because the LF-WPTT is able to operate at low frequencies
due to the superior strength of the magnetic field produced by
the rare-earth permanent magnets, the impedance matching for
the maximum power delivery is drastically different compared
to that of the RF-WPTT. At low frequencies, w/ is negligible
compared to Rg and Ry, therefore, (2) can be simplified to

Ry
VL R VoC ——————. 4
R 4)
When Ry is close to Rg, the delivered power Py, is
11 2
P~ 2 20C (5)

~ S Rs

In theory, if there is a perfect conjugate match between the
receiving coil and the load resistor, the maximum deliverable
power to the load is [35]
1vde

PL,max - 8 RS . (6)
Thus, as shown in (5) and (6), once the load resistance and
the receiving coil’s resistance are matched, the delivered power
is close to the maximum in the LF-WPTT without matching
capacitors.

In the experiment, the delivered power is obtained based on
the measured voltage across a load resistor that is directly con-
nected to the receiving coil. In low frequencies, a regular oscil-
loscope with a high-impedance probe can accurately measure
the voltage across the load resistor. The delivered power, Py,
thus can be obtained via (3). The same coil with 43.5 €2 series
resistance is used in this experiment. The delivered power at
different load resistances is summarized in Fig. 8 when the re-
ceiving coil is placed at 10 mm away from the rotating magnets.
The maximum deliverable power estimated via (6) based on the
measured open-circuit voltage is also included in Fig. 8 as the
dashed lines.
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The measurement results in Fig. 8 indicate that the delivered
power, Py, is very close to Pr, 1nax When Ry, matches with Rg
without any matching capacitors, as predicted by the above anal-
ysis. When d is 10 mm, the maximum delivered power on a
43.5 €} load resistor is 3.170 W, and the maximum deliverable
power estimated based on the open-circuit voltage voc via (6) is
3.225 W. Without any matching capacitors, Py, is able to reach
98% of Py, max. Also, the measurement results in Fig. 8§ show
that the delivered power is not dramatically reduced when the
load resistance is off from the optimal value. When d is 10 mm,
Pr, only drops 1% (3.154 W) and 6% (2.976 mW) when the load
resistance is ~2 x (86.8 £2) and ~3 x (117.1 Q) of the optimal
value (R, = Rg = 43.5 Q), respectively. Furthermore, the
measurement results show that the maximum power delivery is
achieved under the same matching condition (R = 43.5 )
when the receiving coil is placed at different distances, from
10 mm to 50 mm.

B. The Efficiency

When the ex-vivo power source is required to be mobile or
wearable, the efficiency of the wireless power transfer tech-
nology becomes critical. In this paper, the overall power transfer
efficiency, 1oy is characterized by the ratio of the delivered AC
power to a resistive load, Py, to the total power consumed by
the DC motor, Pr. There is also some power loss associated
with converting the induced AC power to the steady-state DC
power. Since the power conditioning circuit is outside the scope
of this paper, it is not considered here.

In the experiment, a constant DC voltage, Vg = 8.5V, is ap-
plied to the DC motor [29] to achieve a constant rotation speed
(~ 60 rotation/sec.). Its supply current, I, is used to mon-
itor the motors power consumption. When the receiving coil is
far away from the rotating magnets, the power consumed by the
DC motor, Pg g, is 1.445 W (Igo = 0.170 A). Once the re-
ceiving coil is close to the rotating magnets, the DC motor needs
to consume more current, Iz, to maintain its constant rotation
speed. The extra power consumed by the motor, Pr, which is
largely due to the magnetic field produced by the induced cur-
rent in the receiving coil, can be estimated from the increase of
Ip asVpe(lg — Igyg). Py is calculated based on the measured
voltage across the load resistor that is directly connected to the
receiving coil via (3), as depicted in Fig. 7.

The power and the associated efficiency are measured and
summarized in Table I, when Ry, is close to l25 and 3 x Iis.
In the LF-WPTT, the load resistance for the maximum output
power is different from the maximum power efficiency, similar
to the two-coils RF-WPTT [33]. Table I shows that the overall
power transfer efficiency 7oy reaches 50% with 2.967 W output
power when the load resistance is about 3x of the receiving
coil’s parasitic series resistance /5. When the load resistance
is the same as %5, noy drops to 33.6% even though the output
power is increased to 3.170 W. In the experiment, the receiving
coil is 10 mm away from the rotating magnets.

To further investigate I?7’s impact on 7oy, the power and
its associated efficiency are measured and plotted with various
load resistances, as depicted in Fig. 9. The measured P, peaks
when Iy is 43.5 £ and equals to I2g. At this point, because 12y,
and Iig are in series, both Pr, and Pg reach the maxima. When

TABLE I
THE POWER AND THE EFFICIENCY ASSOCIATED
WITH THE LF-WPTT AT A DISTANCE OF 10 MM

[ Ig,0=0.170 [A] [| Rc=4351[Q] | Rr=117.1 [)] |

Ig [A] 1.110 0.700
Pg [W] 9.435 5.950
Pr [W] 7.990 4.505
v, [V] 16.60 26.4
Py, [W] 3.170 2.967
| nov [%] || 33.6 | 50.0 |

Power [W]
Efficiency [%]

0 100 500 600

200 300 400
Load Resistance HL [(2)]

Fig. 9. The measured power delivered to the load resistor, Py,, and the extra
power needed for driving the motor at the constant rotating speed, I’r, are
plotted versus the load resistance, R, , as the solid line with circles and the solid
line with squares, respectively. The overall power transfer efficiency, nov, is
plotted as the solid line with crosses.

Rp increases from 20 {2 to 500 €2, the extra power needed for
driving the motor at the constant rotating speed, Pr, (the solid
line with square in Fig. 9) reduces dramatically, as depicted in
Fig. 9. As depicted in Fig. 7, the increase of Ry, reduces the
current in the receiving coil, thus, less Pr is needed. Because of
the dramatic reduction of Py, and consequently Pg, noyv (the
solid line with crosses in Fig. 9) peaks with 50% when E, is
117.1 Q.

IV. VERSATILITY

The versatility of the LF-WPTT is demonstrated in this sec-
tion. The performance of the technology is characterized with
various operating distances, geometrical misalignments, and
operating environments, including placement of the receiving
coil in the saline (to emulate the conductive bio-tissues) and
non-magnetic implant-grade stainless steel housing.

A. The Distance

In the LF-WPTT, the power delivery efficiency from the re-
ceiving coil to the load remains the same at various distances,
as described in the previous section. The power delivered to the
load is only subject to the magnetic coupling between the ro-
tating magnets and the receiving coil.

In the experiment, the voltage across the load resistor, vy, is
measured as a function of the distance d, which is defined as
the distance from the surface of the disk magnet to the top sur-
face of the receiving coil, as shown in Fig. 10. The receiving
coil is directly connected to a load resistor. At each distance d,
vy, is measured at two different load resistance, 43.5 €2 (for the
maximum Py ) and 117.1 € (for the maximum 7y~ ). The cor-
responding delivered power is calculated using (3) and plotted
in Fig. 11.
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Fig. 10. Anillustration of the experimental setup. The hexagonal rotor is driven
by an electrical DC motor. The disk magnets are attached to the iron hexagonal
rotor by magnetic attraction forces. D is the diameter of the receiving coil. d is
the distance from the disk magnet to the receiving coil. In the lateral misalign-
ment measurement, the coil moves horizontally as indicated in arrow labeled as
“I: lateral misalignment”. In the angular misalignment measurement, the coil is
placed as the Configuration A or B.
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Fig. 11. The delivered power at 180 Hz is calculated based on measured v, via
(3) and plotted versus distance ¢ when the load resistance is 43.5 €2 (shown as
the dotted line with circles) and 117.1 £2 (shown as the dotted line with squares).
At 50 mm, the delivered power to a 117.1 2 resistor at 275 Hz is shown as the
square.

The measurement results in Fig. 11 show that the maximum
delivered power (R = 43.5 §2) reaches 3.17 W and 8.4 mW
over 10 mm and 50 mm distance, respectively. When the max-
imum overall efficiency is achieved (R = 117.1 Q), the deliv-
ered power reaches 2.98 W and 7.8 mW over 10 mm and 50 mm
distance, respectively. Because the magnets rotating speed is
maintained at 60 revolution per second, the power loss over the
distance is largely due to the magnetic field fading when the re-
ceiving coil is moved away from the magnets.

When the coil is away from the magnets, the delivered power
can be increased by increasing the motor’s supplying voltage,
and consequently, the magnets’ rotating speed. When the coil
moves from 10 mm to 50 mm away from the magnets, the
motor’s supplying current reduces from 700 mA to 180 mA at
8.5 V supplying voltage to maintain 60 revolution per second.
When the supply voltage is increased to 12.5 V, the delivered
power to a 117.1 € resistor is increased from 7.8 mW (at
180 Hz) to15.6 mW (at 275 Hz).

120
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1000 T, ......... . :

80k v NG N

ol s R N—— ?

P S N ]

Normalized Open—circuit Voltage [%]

S J— R T -

0 10 20 30 40 50 60
Lateral Misalignment [mm]

Fig. 12. The normalized induced open-circuit voltage of a 600-turn receiving
coil with a diameter of 34 mm at the distance of 20 mm and 50 mm.

B. Misalignement

To demonstrate the versatility of the LF-WPTT, the induced
open-circuit voltage of the receiving coil is measured as a func-
tion of the lateral misalignment /, which is defined as the lateral
distance between the axis of the magnet and the coil, as shown
in Fig. 10. When the distance d (labeled in Fig. 10) is 20 and
50 mm, the induced voltage of the receiving coil is measured.
The normalized induced voltage is plotted versus / in Fig. 12.
When the lateral misalignment reaches 20 mm (i.e., the center
of the disk magnet is moved out of the edge of the coil), the
induced voltage drops about 30% and 15% at the distance d of
20 mm and 50 mm, respectively.

The induced voltage of the receiving coil is also measured
and compared between Configuration A and B, as depicted in
Fig. 10, which are the two extreme cases in the angular misalign-
ment. When the coil orientation is changed from Configuration
A to B, the induced voltage of the receiving coil is measured in
each orientation and recorded in Fig. 13. When the distance d
(labeled in Fig. 10) is 20 mm, the induced voltage drops from
14.00 to 7.00 V (corresponding to ~50% reduction), as depicted
in Fig. 13. When d is 50 mm, the induced voltage drops from
1.70 to 0.92 V (corresponding to ~46%; reduction).

C. Conductive Bio-Tissue

The conductive bio-tissue around the implant greatly compli-
cates the design of the existing RF-WPTT. First, it poses a deli-
cate tradeoff on the operating frequency. A lower operating fre-
quency is generally preferred to avoid absorption loss caused by
the conductive bio-tissue [23]. However, a lower operating fre-
quency tends to lower the power delivery efficiency [18], or re-
quires a much larger receiving coil [36]. Second, the conductive
bio-tissue will alter the impedance of the receiving coil in RF
[22], and consequently, it will impact the overall power delivery
efficiency due to the impedance mismatch [22]. Because the
conductivity and dielectric constant associated with bio-tissue
varies with the different parts of the human body [5], it further
complicates the design and implementation of the RF-WPTT.

In the LF-WPTT, the magnetic field produced by the rotating
permanent magnets varies at close-to-DC frequencies. Thus, the
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Fig. 13. Induced open-circuit voltages are plotted when the receiving coil is
placed in Configuration A and B (with the angular misalignment reaching 90°
in latter case). The solid line represents Configuration A, and the dashed line
represents Configuration B. The distance between the rotating-magnets and the
receiving coil is 20 mm and 50 mm for the upper and lower figure, respectively.
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Fig. 14. The induced open-circuit voltage versus time when the receiving coil
with 600 turns and 34 mm in diameter is placed in the open air (solid line) and
in the saline solution (dashed line).

power loss associated with the conductive bio-tissue is mini-
mized. To demonstrate this experimentally, the induced open-
circuit voltage of the receiving coil is measured and compared
when it is operated in the open-air or immersed in a saline solu-
tion. Because the saline solution’s conductivity (o = 0.6 S/m)
is close to that of bio-tissue [37], it is widely used to emulate
conductive bio-surroundings [22]. In this experiment, the same
receiving coil (with 600 turns and 34 mm in diameter) is placed
20 mm away from the rotating magnets, as defined in Fig. 10,
and the distance between the rotating-magnets and the top sur-
face of the saline is 10 mm. The coil is completely immersed
in the solution. The measured induced open-circuit voltage in
the open-air and in the saline are plotted in Fig. 14 as the solid
line and the dashed line, respectively. Fig. 14 demonstrates that
there is no noticeable degradation when the receiving coil is im-
mersed in the saline compared to that in the open-air. This ex-
periment shows that the delivered power of the LF-WPTT is
unlikely to be impaired by conductive bio-tissues.

Fig. 15. The receiving coil is housed within a metal tube. The normal axes of
the coil and the disk magnet are aligned in a vertical orientation.
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Fig. 16. The induced open-circuit voltage versus time when the receiving coil
is in the open air (the solid line) and shielded by a metal tube made of 316L
implant-grade stainless steel (the dashed line).

D. Metal Housing

Medical implants, especially orthopedic ones, are often
housed in metals for their strength and durability [11]. Due to
the low operating frequency, the LF-WPTT has demonstrated
negligible losses when the receiving coil is placed inside a
cylinder made of the implant-grade stainless steel that is widely
used in orthopedic implants. In the experiment, the induced
voltage of a receiving coil is measured when it is placed inside
a non-magnetic implant-grade stainless steel cylinder, as shown
in Fig. 15. In the setup, the metal cylinder is made of 316L,
one kind of implant-grade stainless steel with a resistivity of
740 n€2 - m. The thickness and the outer diameter of the tube are
1.65 mm and 15.90 mm, respectively. The length of the tube is
108 mm. To fit into the tube, the receiving coil is wound into an
oval with a long axis of 26 mm and a short axis of 6 mm. The di-
ameter of the wire is 0.25 mm. The receiving coil has 120 turns.
The distance d between the rotating-magnets and the metal
cylinder (defined in Fig. 15) is 10 mm. The induced voltage is
measured when the receiving coil is placed in the center of the
cylinder shown as the dotted line in Fig. 16. Compared to the
measured induced voltage without the stainless steel cylinder,
depicted as the solid line in Fig. 16, there is no noticeable
degradation. However, there is about 34% reduction of the
induced voltage when the cylinder is made of aluminum with
the resistivity close to 28 n€2 - m. This experiment demonstrates
that the receiving coil in the LF-WPTT can be integrated into
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an implant in a non-magnetic stainless steel housing without
significant power loss.

V. DISCUSSIONS

In the LF-WPTT, the low operating frequency alleviates
some of the constraints that are specific to the high frequency
operation in the RF-WPTT. (1) The LF-WPTT avoids the
RF radiation, which could be a concern in the high-power
transmission [4]. (2) The LF-WPTT simplifies the design of
the receiving coil. In the LF-WPTT, the inductance of the
receiving coil becomes less of a concern, because wl is always
much less than RRs. Thus, as long as the space permits, the
receiving coil prefers to have the maximum number of turns
with an optimized ferrimagnetic structure around it for the
highest induced voltage. The high induced voltage also favors
the subsequent rectifying circuits [38]. (3) The matching be-
tween the receiving coil and the load can be optimized without
considering a change of the operating environment, because the
reactive part of the receiving coil, which is susceptible to the
environment, is negligible compared to its resistive part at the
low frequency. The resistance of the receiving coil, however,
is unlikely to change in different operating environments, e.g.,
different operating distances or different bio-tissues. Thus, in
the LF-WPTT, the efficiency of the power delivery from the
receiving coil to the load can always be maintained under var-
ious operating environments. (4) Because of the low operating
frequencies, switching-based power conditioning circuits, like
those used in energy scavenging systems [39], [40], can be
used to convert and boost the induced low-voltage AC power to
the high-voltage DC power. Compared to traditional rectifying
circuits used in the RF-WPTT, the switching-based circuits are
more efficient when the induced voltage of the receiving coil
is comparable or less than the rectifier’s turn-on voltage [41].
(5) The strong and slow changing magnetic field produced
by the rotating magnets is able to deliver power wirelessly
through non-magnetic materials, including saline (to emulate
conductive bio-tissues) and/or stainless steel metal housing,
with negligible power loss. (6) Due to the spatial variation
of the magnetic field produced by the rotating magnets, the
requirements of the geometrical alignment between the ex-vivo
power source and the in-vivo receiving coil can be modestly
relaxed.

There are also disadvantages associated with this mechan-
ical-electrical wireless power transfer system. Although the
ex-vivo rotary system can be shrunk into a torch-light like
system for mobile applications [24], it is probably still too
bulky for wearable applications. Also, the wireless data com-
munication system needs to be added independently, whereas
the RF-WPTT is able to support wireless power transfer and
the wireless communication at the same time [42]. However,
since the frequencies for the wireless data communication and
the LF-WPTT are far apart, low interferences between these
two functions are expected.

VI. CONCLUSION

A novel LF-WPTT is herein presented that uses a rotating
magnetic element to wirelessly deliver electrical power to an
inductive coil. Utilizing the superior magnetic strength of rare-

earth magnets, the new method is able to deliver power at a
much lower frequency (< 1 kHz) than the existing RE-WPTT
that often operates at MHz to GHz frequencies. The low fre-
quency operation completely avoids the RF radiation hazard and
dramatically simplifies the design of the receiving coil and the
subsequent power conditioning circuit for high efficient wire-
less power transfer. Also, the LF-WPTT demonstrates that there
is negligible power loss caused by the conductive surroundings
when the receiving coil is put into a non-magnetic implant-grade
stainless steel housing or immersed in conductive saline solu-
tion. The characterization results of this novel LF-WPTT sug-
gest that it is suitable for the near-field wireless power transfer
to biomedical implants.
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