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Abstract—Implanted devices are increasingly used in chronic
disease monitoring, but face challenges in energy autonomy.
The paper presents a novel wireless power transfer method
for self-sustained medical implants using Halbach array-based
magnetic plucking and piezoelectric transduction. The wearable-
implantable coupled system consists of a piezoelectric receiver
within the implant to receive power and a near-field magnetic
power transmitter as a wearable device. To deliver power over
greater distances through the human body, the transmitter
features a rotating magnetic Halbach array powered by a
miniature motor or by human motion to generate an alternating
magnetic field. The use of low-frequency rotating magnetic fields
periodically excites a cantilevered piezoelectric beam with a tip
magnet to realize wireless power transfer. A theoretical model
that includes magnetic coupling, piezoelectric transduction and
receiver beam dynamics has been established to study the electro-
magneto-mechanical dynamics of this wireless power transfer sys-
tem. The effectiveness of the Halbach array for extended power
transfer is examined through theoretical modelling and numerical
simulation, showing a 37.2% enhancement of the magnetic forces.
A prototype was also fabricated and tested to examine the
wireless power transfer performance. The established wireless
power link can provide sufficient power (∼32 µW) over a large
transmission distance (22 mm), providing a potential battery-
free solution for the self-sustained Internet of Implanted Things
(IoIT) for personalized healthcare.

Index Terms—Wireless power transfer, implantable medical
devices, Halbach array, piezoelectric transducers, self-sustained
sensing, magnetic plucking, Internet of Implanted Things.

I. INTRODUCTION

IMPLANTABLE devices have been increasingly used inside
human bodies to deal with chronic conditions, such as

diabetes or coronary heart diseases [1]. These devices can form
an Internet of Implanted Things (IoIT) to perform therapeutic
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functions or to monitor critical physiological parameters [2].
IoIT is a subset of the Internet of Things (IoT) focused on
implantable medical devices that can communicate wirelessly
for various health monitoring and therapeutic purposes [3].
These devices include pacemakers, glucose monitors, cochlear
implants, and neurostimulators. The role of IoIT is to en-
hance patient care by providing continuous monitoring, real-
time data, and improved medical intervention capabilities.
With the continuous development of technologies including
human-computer interfaces, artificial intelligence, and Micro-
Electromechanical Systems (MEMS) [4], the concept of Dig-
ital Humans has been recognized as one of the emerging
technology fields for the next decade, and implantable devices
are certainly one of the key enabling factors in achieving
this concept [5]. The advancements of medical implants
have been transforming healthcare delivery. These devices
are designed to replace, support, or enhance a biological
function in the human body. They are used to treat a wide
range of medical conditions such as cardiovascular diseases,
neurological disorders, hearing loss, and diabetes [6]. Medical
implants play a crucial role in improving the quality of life for
patients, enabling them to perform daily activities with ease,
and reducing the healthcare costs associated with prolonged
hospitalization [7].

However, medical implants come with several challenges,
one of which is the issue of power supply [8]. Most medical
implants require a source of power to operate, and this poses a
significant challenge due to the limited lifespan of the batteries
used. Implants such as pacemakers, cochlear implants, and
insulin pumps need a constant power supply to function
correctly [6]. Therefore, power supply is critical to the proper
functioning of these medical implants, and any disruption can
have severe consequences. There are several factors to consider
when selecting a power supply for medical implants. One of
the most important factors is the type of implant and the
amount of power it requires. Implants such as pacemakers
and defibrillators require a high amount of power to operate,
while others such as glucose sensors require much less. The
type of battery used in the implant also affects the lifespan and
reliability of the implant. Lithium-ion batteries are commonly
used in medical implants due to their long lifespan and high
energy density [9]. However, one of the primary challenges
associated with batteries is that they occupy a large percentage
of the devices overall volume and require regular replacement.
Another issue with battery-powered implants is that they can
be difficult to recharge. This is especially true for devices that
are implanted deep within the body, such as pacemakers. In
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some cases, patients may need to undergo surgery to replace
the battery [10], which can be risky and may require a long
recovery period.

To address these issues, researchers are exploring alternative
power sources for medical implants. One promising approach
is energy harvesting. This approach involves converting am-
bient energy from the surrounding environment, such as body
heat or motion, into electrical power. This technology has the
potential to provide a continuous source of power for implants,
eliminating the need for batteries and external power sources
[11], [12]. However, due to the randomness of surrounding en-
ergy sources and limited space for energy harvesting devices,
this technology faces many challenges in providing sufficient
power to some power-demanding or sensing-critical applica-
tions. Another promising technology for powering medical im-
plants is the use of wireless power transfer (WPT) technology.
WPT allows power to be transferred wirelessly to the implant,
eliminating the need for batteries and the costs associated with
replacement surgery [13]. A typical type of this technology is
transmitting energy through an electromagnetic field from an
external power source to the implant. The implant is equipped
with a receiver coil that converts the electromagnetic energy
into electrical power, which can then be used to operate the
device.

However, electromagnetic power transfer also faces chal-
lenges in heat generation in human tissues due to ohmic
heating characterized by the specific absorption rate (SAR).
This is due to high operating frequencies, short power transfer
distance, device miniaturization and low transfer power limit
according to the U.S. Food and Drug Administration [14]. To
address the challenges in effective power transfer over long
distances, this paper proposes a new wireless power transfer
solution using Halbach array-based magnetic plucking and
piezoelectric transduction working at low frequencies for the
first time, to the best of the authors’ knowledge. The major
contributions of this work includes:

• The establishment of a new extended-range wire-
less power transfer methodology using transcutaneous
Halbach-Array-based magnetic plucking and piezoelec-
tric transduction.

• A fully coupled magnetic-piezoelectric-electromechanical
model to study the dynamics of the system.

• A miniaturized prototype including a wearable rotating
Halbach array coupled with a piezoelectric receiver to
illustrate the effectiveness of the new WPT method.

The remainder of this article is organized as follows. The
related literature is reviewed in Section II. Sections III de-
scribes the proposed approach, its theoretical model and the
numerical analysis of the WPT system. Section IV presents
the prototyping and experimental validation, followed by a
conclusion in Section V.

II. RELATED WORK

Different mechanisms have been adopted in WPT for im-
plantable devices including electrostatic, inductive, ultrasonic
and optical power transfer methods [15], [16], [17]. Among
them, inductive power transfer receives the most significant

attention due to its simplicity in design and high power transfer
capability [18], [19]. It involves the transfer of electrical
energy between two coils, namely the primary coil outside the
body and the secondary coil inside the body. The efficiency
and power transfer distance in implantable devices depends on
various factors, including the size of the coils, the frequency
of the current and the alignment between the transmitter and
receiver coils [20].

Shah and Yoo studied the influence of biomedical implants
in an electric vehicle charging scenario on body tempature
due to the heat generated by WPT, and concluded that with the
SAR scaled to a power of 1 W, the steady-state temperature en-
hancement of some tissues was significantly higher compared
to the absence of the implant at the same location [21]. Kim et
al. developed a WPT solution for implants by reducing the
equivalent series resistance of the transmitting coil and adding
a ferrite film to the receiver [22]. To address the misalignment
issue, Qian et al. studied a 3-D through silicon via based
orthogonal receiving coil to enhance the inductive coupling
between coils under misalignment [23]. Wang et al. proposed
an array of four identical coils surrounded by a larger coil
to generate uniform magnetic field, and the testing results
illustrates a high power transfer efficiency even under 1 cm
lateral misalignment [24].

Ultrasonic (acoustic) power transfer (UPT) using piezo-
electric [25], capacitive [26] or triboelectric transducers [27]
is another emerging method to deliver power to implantable
devices. Compared to the receiving coils used in inductive
power transfer, piezoelectric or capacitive receivers are more
compact and lightweight, which is ideal for miniaturized
implantable devices [28]. In addition, piezoelectric transducers
are capable of operating over a wider frequency range from a
few Hertz up to several Megahertz compared to conventional
electrical effect based devices. Due to the reduced body heat
generated by ultrasonic or acoustic waves, UPT normally has
a higher power safety limit than IPT. All these reasons facilites
the swift growth of this area. Hong et al. fabricated a wood-
templated unidirectional piezoelectric composite for ultrasonic
wireless power transfer with an average output power density
of 304 µW/cm2 [29].

Another emerging technology developed alongside WPT is
simultaneous wireless power and data transfer, which typically
uses the same transducers for both power transfer and data
communication functions [30]. The integration of power and
data transfer in the same transducer allows for reduced implant
size and power consumption for data communication [31].
Najjarzadegan et al. developed an open-loop double-carrier
simultaneous wireless power and data transfer system based
on the inductive coupling method [32]. Sonmezoglu et al. built
a millimeter-sized, wireless, ultrasound-powered implantable
luminescence O2 sensor and an external transceiver for bidi-
rectional data transfer, enabling deep-tissue oxygenation mon-
itoring for surgical or critical care indications [33].

Although significant progress has been achieved in WPT
for implantable devices, there are still many challenges in
bio-compatibility [34], [35], device miniaturization [36], [37],
tissue heat generation [38], [39] and WPT for implants located
deep within the body [40], [41]. In this study, a new magnetic
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coupling based WPT methodology is proposed to deliver
sufficient power over a large distance at low frequencies in a
miniature wearable-implantable system using a novel magnetic
plucking method implemented by a rotating wearable magnetic
array and an implanted piezoelectric receiver.

III. PROPOSED MAGNETIC WPT METHODOLOGY AND
ASSOCIATED THEORETICAL MODEL

A. Magnetic WPT Method
The WPT solution includes a wearable power transmit-

ter and an implantable piezoelectric receiver, as shown in
Fig. 1(a). The coupling between the wearable and implantable
devices is established by the magnetic field between the tip
magnet on the piezoelectric receiver and a magnetic array on
the wearable device, as shown in Fig. 1(b) and (c). In order to
excite the piezoelectric beam, the magnetic array has to be in
motion relative to the tip magnet on the implant. Therefore,
the wearable magnetic array can be either driven passively by
human motion using structures such as an pendulum to acquire
energy from human motion or actively using a motor.

To deliver power to the implants reliably and reduce the size
of the wearable device, a miniature motor with a circular rack
and pinion gear system is adopted, as shown in Fig. 1(c). The
oscillating magnetic field produces an alternating magnetic
force on the tip magnet of the piezoelectric beam, generating
a voltage via the piezoelectric effect, and realizing WPT to
the implant. In order to increase the power transfer distance,
a special type of magnetic array, i.e. a Halbach array, is
employed in this study to create an enhanced magnetic field in
the direction where the implant is located. A Halbach array is
a special type of magnetic array whereby the magnetic field on
one side is enhanced by arranging magnets in a specific pattern
by alternating the magnetization direction in two directions,
as shown in Fig. 1(d), which differs from a typical alternating
array (Fig. 1(e)) used in many studies within the literature.

In a Halbach array, the orientation of the magnets is
carefully arranged to produce a strong magnetic field pattern
on one side while cancelling out the field on the other side. The
magnets with the magnetization direction pointing in the ver-
tical direction are named as main magnets, and the others are
called transit magnets, as shown in Fig. 1(d). The magnets are
arranged so that the north and south poles of the magnetic field
all face the same direction on one side of the array, while on
the other side, they face in the opposite direction. This creates
a strong and uniform magnetic field on the side where the north
and south poles combine in the same direction, while the field
on the weak side cancels to near zero. This electrodynamic
WPT mechanism using the Halbach array, magnetic plucking
and piezoelectric transduction is advantageous for wearable-
implantable applications given its low operating frequency,
device miniaturization and high durability.

The non-contact mechanism of this WPT method has the
advantage of increased longevity due to reduced material
degradation. The low-frequency operation offers several ad-
vantages. The comparatively slow-varying magnetic field (less
than 1 kHz) generated by the the rotating permanent magnets
can penetrate various non-magnetic materials, including con-
ductive bio-tissues and implant-grade stainless steel housing

without significant loss. The low frequency range ensures
that electromagnetic field exposure remains at a non-thermal
level, significantly reducing absorption by biological tissue.
Piezoelectric devices are particularly suitable for application
in medical devices where precision, sensitivity and robustness
are critical. Compared to purely electrical effect based devices,
piezoelectric transducers have a higher sensitivity and can
detect very small changes in force. They output high voltages
from relatively small mechanical displacements making them
an energy dense alternative to conventional electrical actuators.

Fig. 1. Operating principle of the transcutaneous WPT technique using
piezoelectric transduction and magnetic plucking in a wearable-implant-
coupled system. (a) Schematic of the location and configuration of the
wearable and implantable devices; (b) Implanted piezoelectric receiver; (c)
Wearable rotating Halbach array driven by a miniature motor; (d) Magnet
arrangement pattern and associated magnetic field distribution of Halbach
array; and (e) typical alternating array as a reference.
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By enabling the seamless powering of medical implants and
wearable devices, this WPT technology can enhance patient
outcomes through continuous monitoring and treatment. For
instance, cardiac pacemakers and insulin pumps could benefit
from wireless power, reducing the need for frequent battery
replacement and invasive procedures. This not only improves
patient comfort and compliance but also decreases the risk
of complications and infections. Overall, integrating wireless
power transfer in healthcare can lead to more efficient, reliable,
and patient-friendly medical solutions, ultimately transforming
patient care and improving quality of life.

B. Theoretical Modelling

The theoretical model is an essential tool to analyse the
electro-magneto-mechanical dynamic response of the system.
In addition, when enhancing the performance of the WTP so-
lution, it is necessary to evaluate different design parameters to
maximise the strength of the magnetic field and the delivered
power. A theoretical model is therefore indispensable when
considering the design of the transmitter and receiver. This
theoretical model includes the magnetic coupling between the
Halbach array and the tip magnet, and the electromechanical
model of the piezoelectric transducer in a coupled manner.

1) Magnetic Coupling: Fig. 2(a) shows the magnetic cou-
pling between the wearable Halbach array driving magnets
and the implanted receiver tip magnet. Two cases have been
considered for a Halbach array magnetisation pattern. For Case
1 in Fig. 2(a), the driving and tip magnets are both magne-

tised in the z-axis direction. For Case 2 , the magnetisation
of the transit magnets are orientated perpendicularly to the tip
magnet.

In order to model the magnetic coupling force exerted by
the magnets of the Halbach array on the tip magnets attached
to the piezoelectric beam, the theory developed by Yonnet et
al. [42], [43] has been adopted. For two cuboidal magnets,
the magnetic force from the ith Halbach array magnet in
the direction of beam vibration (z axis component) can be
expressed as [42]

F z
i =

J1 · J2
4πµ0

1∑
i=0

1∑
j=0

1∑
k=0

1∑
l=0

1∑
p=0

1∑
q=0

(−1)i+j+k+l+p+q · ϕd
z

(1)
where J1 and J2 are magnetic remanence values of the tip
and array magnets respectively, µ0 is the magnetic constant,
i, j, k, l, p, n are the indices of different corners of the cubic
magnets, and ϕd

z is a function of the magnet dimensions
and the relative positioning of the tip and array magnets
for different magnetisation directions, with d being either
parallel or perpendicular to the magnetisation direction of
the tip magnet. The summation terms in Eq. 1 was derived
from the integration expression of the forcing term, and the
whole derivation can be found in Ref. [42]. This simplification
makes this equation easier to be used in numerical calculations
without compromising the accuracy. The validation of this
equation has been done by previous studies [43], [44].

In the parallel condition, the function is given by

ϕ∥
z = −UijWpq(r − Uij)− VklWpq ln(r − Vkl)

+UijVkl

(
UijVkl

Wpqr

)
−Wpqr

(2)

For the perpendicular magnetisation direction condition, the
function becomes

ϕ⊥
z =

(U2
ij −W 2

pq)

2
ln (r + Vkl)− UijVkl ln (r − Uij)

−UijWpq

(
UijVkl

Wpqr

)
− 1

2
Vklr

(3)

where Uij , Vkl and Wpq are intermediary variables that define
the distance between the corners of each Halbach magnet
to their respective projection in each axis and r being the
magnitude of these components. The expressions for these
intermediary variables can be found in the appendix. The total
magnetic force exerted on the tip magnet is calculated by

F z
s =

n∑
i=1

(−1)floor(
n
2 )F z

i (4)

Fig. 2. Magnetic coupling between the Halbach array and the tip magnetic
on the piezoelectric receiver. (a) Halbach array and tip magnet configuration
and (b) Relative dimensions of one magnet in the array relative to the tip
magnet of the implanted receiver.
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where the function floor(x), which generates the greatest
integer less than or equal to x, has been used to reverse the
polarity condition of the magnets.

2) Piezoelectric Transducer: The piezoelectric receiver in
Fig. 1(b) can be modelled as a cantilever beam with a tip mass.
Using a distributed-parameter method developed by Erturk and
Inman [45], the dynamics of the beam can be modeled as

Y I
∂4υ(x, t)

∂x4
+ csI

∂5υ(x, t)

∂4x∂t
+ cd

∂υ(x, t)

∂t
+m

∂2υ(x, t)

∂t2

−ϑV (t)

[
dδ(x)

dx
− dδ(x− L)

dx

]
= F z

mag

(5)

and

Cp

2

dV (t)

dt
+

V (t)

Rl
+ ē31

hp + hs

2
b

∫ L

0

∂3υ(x, t)

∂x2∂t
dx = 0 (6)

where Y I is the bending stiffness of a composite piezoelectric
bimorph, csI is the internal damping, cd is the viscous
damping, m is the mass per unit length of the beam, ϑ is the
piezoelectric coupling term in physical coordinates, V (t) is the
voltage across the resistive load Rl, δ(x) is the Dirac delta
function, Cp is the inherent capacitance of the piezoelectric
beam, ¯e31 is the piezoelectric constant, hp is the height of the
piezoelectric layer, hs is the height of the structural substrate
layer, b is the beam width and L is the length of the beam.
The displacement of the beam, υ(x, t) can be expressed as the
mode superposition of N modes participation:

υ(x, t) =

N∑
r=1

ϕr(x)ηr(t) (7)

where ϕr(x) the eigenvector of the rth eigenmode of the beam
with modal participation factor ηr(t). The mechanical equation
can be reduced to the equivalent representation for the elec-
tromechanical equations governing the modal coordinate and
voltage response by substituting Eq. 7 into Eq. 5. Multiplying
through by ϕr(L) and integrating over the length of the beam
gives

d2ηr(t)

dt2
+2ζrωr

dηr(t)

dt
+ω2

rηr(t)−ϑrV (t) = F z
s ϕr(L) (8)

where ζr is the modal damping ratio of the rth mode shape
and can be obtained experimentally by analyzing the frequency
response function data obtained from a ring-down test (impact
test). The electrical response of a bimorph can be expressed
as

Cp
dV (t)

dt
+

V (t)

Rl
+

∞∑
r=1

ϑr
dηr(t)

dt
= 0 (9)

where Cp is the capacitance for piezoeceramic layers. The cou-
pled magnetic-mechanical-electrical dynamics can be studied
by solving Eqs. (4), (8) and (9) in a coupled manner.

IV. NUMERICAL AND PARAMETRIC STUDY

In order to examine the electro-magneto-mechanical dynam-
ics of this wireless power transfer system, a detailed numerical
study is presented in this section to illustrate the uniqueness

and the advantages of using Halbach arrays and piezoelectric
transduction. The numerical results were obtained by solving
Eqs. (4-9) using the Runge-Kutta method (i.e. ode45 in
Matlab). The time step was set as 1×10−5 s to ensure the
dynamics of the system can be accurately captured.

A. Magnetic forces from the Halbach array

The magnetic coupling between the tip magnet and the Hal-
bach array establishes the link between the implanted devices
and the external wearable device. Therefore, it is critical to
understand how different design parameters and arrangements
affect the coupling strength. Using the parameters provided in
Table I, the magnetic forces can be determined using Eqs. (1)-
(4), as shown in Fig. 3.

Fig. 3(a) shows the magnetic force between the tip magnet
on the piezoelectric beam and one of the main magnets on
the Halbach array, for which the magnetisation direction is the
same as that of the tip magnet. This main magnet interacts with
the tip magnet once per revolution, and the force is in the form
of an impulse. Fig. 3(b) shows the forces for four magnets in
a typical Halbach array pattern, namely Mag. 1 (main magnet)
- Mag. 2 (transit magnet) - Mag. 3 (main magnet) - Mag. 4
(transit magnet) in a form of chaning polarity, as shown in
Fig. 1(d). These forces have distinct distributions due to the
variation of the magnetisation directions. Fig. 3(c) depicts all
the forces from the magnets in the array and the summation
of the forces (black curve). It can be seen that the overall
force amplitude is enhanced by 37.2% (18.4/12.1), as shown
in Fig. 3(a)-(c).

A direct comparison among the strong side and weak side
of the Halbach array and the alternating array is provided,
as shown in Fig. 4. The strong side exhibits an enhanced
magnetic force due to the strengthening effect, whereas the
weak side shows significantly reduced force intensity (0.8 mN
vs 3.8 mN), as shown in Fig. 4(a). For the alternating array, the
force amplitude is slightly larger than that of the weak side, but

TABLE I
PARAMETERS OF THE COUPLED WEARABLE-IMPLANTABLE WPT SYSTEM.

Symbol Description Value
Motor parameters
rp Motor radius 3.5 mm
lm Motor length 25 mm
dg Gear diameter 13.5 mm
Magnet Parameters
a×b×c Driving magnet size 1.5× 1.5× 0.75 mm
A×B×C Tip magnet size 0.5× 0.5× 0.5 mm
h0 Initial gap in z-axis 5 mm
J Magnetization of magnets 1.17 T
ρm Density of magnets 7400 kg/m3

Piezoelectric beam parameters
Lp × bp Beam size 25 mm × 1.5 mm
hp Thickness of piezo layer 0.1 mm
hs Thickness of substrate 0.1 mm
ē31 Piezoelectric voltage constant −22.5 V · m/N
d31 Piezoelectric charge constant −315 m/V
ρp Density of piezoelectric material 7800 kg/m3

ρs Density of substrate material 7850 kg/m3

Y Young’s modulus of substrate 190 GPa
ϵTr33 Relative permittivity constant 4500
sE11 Elastic constant (compliance) 14.2 × 10−12 m2/N
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is still much smaller than that of the strong side, showing the

Fig. 3. Magnetic force between the tip magnet and the Halbach array for
a 15 mm gap. (a) Magnetic force from one magnet with the magnetisation
direction the same as the tip magnet; (b) Forces from four magnets in a typical
Halbach array cycle; (c) All individual forces from the array magnets and the
overall force (black curve).

Fig. 4. Magnetic force comparison of the weak side, strong side and an
alternating array. (a) Comparison of three cases with 12 magnets and 15
mm gap, and (b) Magnetic force comparison against array radius and power
transfer distance.

Fig. 5. Output voltage of the WPT device for different array cases with a
15 mm with the beam vibrating at its natural frequency. (a) Halbach strong
side, (b) Halbach weak side and (c) Alternating array.

advantage of using the Halbach array for power transfer over
longer distance. It is worth noting that when using the Halbach
array, four magnets form a pole pair, whereas two magnets can
form a pole pair in the alternating array, as shown in Fig. 1(e).
This explains why the frequency of the magnetic force from
the alternating array is higher than that of the Halbach array,
as shown in Fig. 4(a). Fig. 4(b) illustrates the comparison of
the magnetic forces against the array radius and the power
transfer distance for the above-mentioned three configurations
with the strong side of the Halbach array demonstrating its
dominance over the investigated ranges. The weak side of
the Halbach array is always the weakest, which is ideal for
wearable devices when avoiding any disturbance due to the
existing magnetic field, since the weak side of the Halbach
array is orientated to face the opposite side to human skin
where the users body will have many interactions with outside
world.



IEEE INTERNET OF THINGS JOURNAL, VOL. XX, NO. XX, XX 2024 7

Fig. 6. Beam displacement and output voltage of the WPT device for
different array cases against array radius and power transfer distance. (a)
Beam displacement and (b) Output voltage.

B. Electromechanical dynamics

To further examine the influence of the Halbach array on
wireless power transfer, the electromechanical dynamics of
the piezoelectric beam under the magnetic force excitation is
investigated, as shown in Fig. 5. The beam tip displacement
and output voltage changes drastically among three array
cases, with the beam displacement and output voltage from the
strong side of the Halbach array being the largest. The output
voltage amplitudes are 14 V, 0.36 V and 1.4 V, respectively
from the strong and weak sides of the Halbach array and the
alternating array. To ensure the beam operates at its natural
frequency, the rotational frequency of the Halbach array is two
times faster than the alternating array at 1/4 of the beam’s
natural frequency (fn) when 16 magnets are adopted in the
array.

The power transfer distance and array radius also affect
the power generation capability of the piezoelectric receiver
as a result of the changing magnetic field. Fig. 6 illustrates

the beam tip displacement and output voltage variation for
different array radii and power transfer distances for the
different arrays. The strong side of the Halbach array is
configured in the ideal condition for wireless power transfer
given the increased displacement and output voltage over
the whole range, as expected from the significantly higher
generated forces presented in Fig. 4. The alternating array is
better in most conditions than the weak side of the Halbach
array, but is less effective when the power transfer distance is
larger or the array radius is smaller. This is mainly due to the
variation of the magnetic field distribution, as the magnetic
field will be weakened if the array is not well designed, as
shown in Fig. 6(b). Based on this evaluation, it is obvious that
the Halbach array design is beneficial when delivering power
over longer distances.

These numerical results will be correlated and compared to
the experimental results in the following section to validate
the theoretical model and the electromechanical dynamics.

V. PROTOTYPING AND EXPERIMENTAL VALIDATION

A. Prototype and Experimental Setup

In order to examine the WPT performance of the proposed
magnetic plucking-based solution, a prototype is built as

Fig. 7. Transmitter and receiver prototypes and experimental setup of the
proposed WPT system. (a) Experimental setup; (b) Encapsulated piezoelectric
receiver; (c) Receiver casing with a ruler for comparison; (d) and (e) Wearable
transmitter and its components; and (f) Power management circuit for the
piezoelectric receiver.
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shown in Fig. 7. The wearable transmitter is placed on an
optical table, and the piezoelectric receiver is mounted on a
3-axis adjustable stage to change the gap between the trans-
mitter and receiver in three directions accurately, as shown
in Fig. 7(a). Fig. 7(b) depicts the details of the piezoelectric
receiver as a prototype. The piezoelectric beam is mounted
in a transparent capsule. The beam is clapped at one end
and two cuboidal magnets are mounted at the free end of the
beam. Bio-compatibility and miniaturization of the prototype
is not the priority of the proof-of-concept stage, but certainly
are important aspects to be considered in future studies. The
capsule housing features a transparent acrylic tube with two
resin printed end caps for the purpose of testing the receiver
mechanism within a confined space. Whilst these materials
were chosen for convenience and dimensional accuracy during
testing, in reality, emerging encapsulation technologies for
long-term implants such thin film parylene or polyimide poly-
mer coatings would be required for the capsule housing for
their long-term stability in vivo and biocompatibility properties
within the human body [46]. In addition to polymer coatings,
hydrogel coatings are an established method of minimizing
inflammation and fibrosis in the implant site of patients with
long term MIDs. For long-term applications, the encapsulation
material must exhibit both long-term reliability in aqueous
environments, good electrical insulation and offer conformal
encapsulation of complex topography for this work to be
realized in medical applications. When considering the bio-
compatibility of piezoceramics, lead-free piezoceramics can be
used to eliminate any adverse health effects that could arise
from lead toxicity [47].

Fig. 7(c) shows the dimensions of the capsule. Fig. 7(d)
presents the disassembled wearable transmitter. A Halbach
array was fabricated and mounted on a circular gear rack,
and a miniature DC motor is adopted to drive a pinion. This
pinion-and-rack mechanism allows the Halbach array to rotate
at a desired speed determined by the resonant frequency of
the piezoelectric receiver. The transmitter casing was manu-
factured using stereolithography with a lightweight resin for
its high dimensional accuracy. The housing incorporates an
affordable miniature DC motor, selected for its compact size
and low power consumption, which drives the Halbach array
using a rack and pinion gear system. For comfort, the wearable
device features a flat surface that rests parallel to the owner’s
skin, providing a comfortable fit similar to that of a wristwatch.

Fig. 7(e) shows the assembled wearable transmitter. A
power management and storage circuit is also required to
rectify the alternating current (AC) output from the piezoelec-
tric receiver to a stable voltage range suitable for electronics.
Fig. 7(f) provides a solution for power management using a
commercial solution LTC 3588-1 to rectify the output voltage
suitable for implantable electronics.

B. Experimental Validation

The theoretical model provides a convenient way to effi-
ciently study the electromechanical dynamics, but the validity
of the model also needs to be evaluated. Modal analysis tests
under impulse excitation were carried out to compare the

experimentally obtained resonant frequency to the theoretical
value output by the model. The modal analysis was performed
with impulse excitation to a plane normal to the PZT beam in
order to measure the bending modal frequencies, as shown
in Fig. 8(a). The beam plectrum can be manually moved
upwards or downwards accurately by a 3-axis optical stage.
The beam can be deflected by moving the stage upwards
or downwards when the plectrum is in contact with the
piezoelectric receiver. After being deflected, the piezoelectric
receiver can be released by moving the plectrum swiftly in
the horizontal plane using the 3-axis optical stage. After being
released, the beam response under the impulse excitation can
be measured using the oscilloscope to obtain the resonant
frequencies of the piezoelectric receiver.

Fig. 8(b) demonstrates the measured free vibration time
response of the beam magnet in the normal direction under
impulse excitation, while Fig. 8(c) presents the frequency
content of the time response. From the measurements, it is
clear that 2 bending modal frequencies exist in the frequency
range up to 500 Hz with the dominant 1st bending mode
existing at 121 Hz, as shown in Fig. 8(c).

To validate the theoretical model, Table II provides the
comparison of the resonant frequencies obtained by the the-
oretical model and the experimental tests, respectively. A
close match is obtained (less than 5% of resonance frequency
difference between the theoretical results and the numerical
results, 2.36% in average), showing the capability and validity
of the theoretical model. It is clear from Table II that there
are two parameters that drastically affect the beam modal
frequencies, the free beam length and the concentrated mass.
So according to the application and the system requirements
tuning of these two parameters can shift the piezoelectric beam
modal frequencies to the appropriate frequency increasing the

Fig. 8. Piezoelectric receiver impulse excitation test using the beam plucking
method. (a) Plucking experimental set-up, (b) Output voltage response under
beam impulse excitation, and (c) Frequency response function (FRF) of the
impulse excitation, showing the resonant frequency.

TABLE II
PIEZOELECTRIC BEAM RESONANT FREQUENCY VALIDATION USING

IMPULSE EXCITATION TESTS

Effective Length Theoretical Model Frequency FRF Peak Frequency Difference
Beam without tip mass

24 mm 286.4 Hz 280.0 Hz 2.25%
22 mm 340.84 Hz 330.0 Hz 3.23%
20 mm 412.4 Hz 400.0 Hz 3.05%
18 mm 509.1 Hz 535.0 Hz 4.96%
16 mm 644.4 Hz 630.0 Hz 2.25%

Beam With tip mass
23 mm 95.06 Hz 96.78 Hz 1.79%
22 mm 102.58 Hz 102.83 Hz 0.24%
21 mm 111.10 Hz 110.89 Hz 0.19%
20 mm 120.80 Hz 116.94 Hz 3.25%
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Fig. 9. Numerical and experimental comparison of the implanted receiver
output voltage for different transmitter configurations. The solid lines represent
the numerical study, and the markers show the experimental results (HA -
Halbach Array; A Array - Alternating Array).

efficiency for a specific Halbach array rotation speed.

C. Output Performance

Using the experimental setup in Fig. 7(a), the power transfer
distance for different array arrangements is studied to examine
the wireless power transfer capability, as shown in Fig. 9.
In the experimental study, the gap between the transmitter
and receiver is adjusted for different configurations to avoid
extensive magnetic force being applied to the piezoelectric
beam, with the output voltage confined to within 10 V.
The strong side of the Halbach Array is advantageous in
transferring the power over longer distances (25 mm to 30
mm), producing more than 2 V on the receiving piezoelectric
beam (Fig. 9). For the weak side of the Halbach Array and
the standard alternating array, the magnetic fields attenuate
drastically within a short distance from 15 mm to 20 mm, and
the receiver’s output voltage is less than 2 V.

The comparison between the numerical and experimental
results are further compared to show the validity of the
theoretical model. A close match has been obtained, as shown
in Fig. 9. The theoretical model can accurately predict the
trend of the output voltage for different transfer distances and
different array configurations. The minor differences between
the numerical and experimental results are mainly due to the
discrepancy of magnetic material parameters and structural
dimensions used in the experimental and numerical studies.

The frequency response of the piezoelectric receiver is stud-
ied by applying rotational motion with different frequencies
to each wearable magnetic array configuration. The output
voltage of the piezoelectric receiver under different excitation
frequencies is shown in Fig. 10. The rotational frequency
ranges from 0 to 37 Hz. As shown in Fig. 10, the piezoelectric
receiver reaches resonance at around 17 Hz (6 pole pairs,
17×6=102 Hz), 32 Hz (3 pole pairs, 32×3=96 Hz) and 34 Hz
(3 pole pairs, 34×3=102 Hz) for different array configurations,
respectively. The natural frequency for this beam is around
102 Hz. The strong side exhibits a slight change in the
driving frequency due to the variation of the magnetic field
distribution. For the alternating array, the piezoelectric receiver

Fig. 10. Frequency sweep test of the harvester for different array arrange-
ments to show the resonant frequency and output voltages.

reaches resonance at around 17 Hz (rather than 34 Hz) due
to the doubled number of pole pairs compared to the Halbach
Array, as shown in Fig. 1(d). The output voltage of the receiver
excited by the strong side of the Halbach Array exhibits
the best performance in wireless power transfer with a peak
voltage of over 10 V.

D. Influence of Environmental Conditions

Environmental variations such as temperature and humidity
may change the performance of the system. The mechanical
durability of the system is critical for long-term application
of such implantable devices and therefore, the system’s dura-
bility and environmental dependability have been examined,
as shown in Fig. 11. Fig. 11(a) depicts the output voltage
of the piezoelectric receiver under continuous excitation from
the wearable device for 32 mins (more than 100k cycles). The
details of the output voltage is enlarged as shown in Fig. 11(b).
It can be seen that the output voltage is stable over the whole
duration without noticeable degradation.

The influence of temperature and humidity variation has
also been examined using an environmental chamber (ES-
PEC EW0470, China), as shown in Fig. 11(c) and (d). The
humidity variation is tested between 40% to 90%, based on
the typical conditions of wearable and implantable devices.
This experiment was conducted by changing the humidity
levels to a certain value and measuring the output voltage
for 50 s after the humidity level stabilized. The forward
and backward testing results for different humidity levels
are shown in Fig. 11(c). The output voltage reduces as the
humidity increases, however the performance can be recovered
if the humidity level returns to its original value. The variation
in output voltage could be due to the change in the material
properties or a shift in the resonant frequency point. The
variation of temperature has similar influence on the output
voltage, as shown in Fig. 11(d). Again, this influence can
also be recovered if the temperature returns to the original
value. For a receiver implanted inside the human body, the
actual variation of temperature and humidity will be marginal,
especially when the receiver is well encapsulated.
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Fig. 11. Evaluation of the influence of the environmental factors: (a)
Mechanical durability over 30 minutes, (b) Enlarged section of the mechanical
durability test, (c) Relative humidity (40% - 90%) and (d) Temperature
(31 ◦C - 39 ◦C). Each temperature and humidity condition was stabilized
before each 50 second test. The plots were combined afterwards.

E. Performance Comparison
In order to show the advantage and the uniqueness of this

developed solution, a comparison table has been created to
compare the performance of this work with the related studies
in the literature, as shown in Table III. This electrodynamic
WPT method with a Halbach Array and piezoelectric trans-
duction in this work is a unique method compared to the
literature. In terms of the advantage of this work compared
to the related studies in the literature, the dimensions for
the transmitter and the receiver are the most appropriate
configuration for wearable-implantable devices in healthcare
applications operated at relatively low frequencies. The output
power from Ref. [48] is the highest in this comparison table,
but the dimensions of both the transmitter and the receiver are
not appropriate for implantable and wearable devices.

F. Self-Sustained Operation
The performance of the WPT method was further examined

for self-sustained operation. The output voltage and power for

Fig. 12. Output power and self-powered sensing ability testing: (a) Impedance
matching test for a 22 mm air gap and (b) Autonomous charging and
discharging capability for the receiver connected to a 22 µF capacitor and
a 150 kΩ resistive load.

different resistive loads were evaluated to show the impedance
of the receiver for a 22 mm air gap, as shown in Fig. 12(a).
Around 31.5 µW of output power is obtained for a 270 kΩ
resistive load. Then, the WPT system was combined with the
power management circuits in Fig. 7(f) to demonstrate the self-
sustained operation capability. An energy storage capacitor (22
µF) with a 150 kΩ load were used to store the energy and
to mimic some sensing functions as a load, respectively. The
system is capable of cold-start, as shown at the beginning of
the charging curve in Fig. 12(b). The charging and discharging
cycles can be precisely controlled given the merit of the power
management circuit. The enable-pin signal, which indicates if
the voltage on the storage capacitor is sufficient or not, can
be used as a trigger source for potential sensing applications,
such as periodically monitoring of glucose levels inside the
human body using event-triggered mechanisms.

Given the achievable useful power output of the wireless
power link after the power management circuit, this wireless
power transfer (WPT) technique could be applied to medically
implanted devices in the µW power range such as biosensors,
pacemakers, neuro-stimulators, and cardiac defibrillators [54].
The power consumption of these above-mentioned medical
devices is normally between the µW and mW range [55],
which can be covered by the proposed WPT method in this
work for self-sustained long-term operation. The integration
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TABLE III
PERFORMANCE COMPARISON OF THIS WORK AGAINST THE LITERATURE

Author
& Year

Transmission
Method1

Frequency
[Hz]

Transmitter
Size [cm] 2

Receiver
Size

Transfer
Distance

Power
[mW]

Bhamra et al.
& 2017[17]

2.4 GHz
ISM Band 434 MHz – 0.38×10−3cm3 0.5-1 cm 0.05

Knecht and Kolar
& 2019 [20]

IPT
Coil pairs 6.85 MHz – 10.3 (Ø7) cm3 1 cm 5 W

Ameye et al.
& 2023 [48]

EWPT
Single Tx coil 45 Ø30 × 4.8 71.7 cm3 7.5 cm 19

Truong et al.
& 2020 [49]

Symmetrical
Helmholtz coils 70.5 Ø15.6 × 1.16 0.35 cm3 3 cm 4.9

Crasto et al.
& 2024 [50]

EWPT
Singl coil 144 Ø30 × 1.7 53 cm3 30 cm 975

Halim et al.
& 2021 [51] EWPT 724 Ø15 × 1.5 0.08 cm3 1 cm 0.36

Smith et al.
& 2021 [52]

EWPT
Helmholtz coils 735 Ø28 × 3.5 0.09 cm3 4 cm 0.52

Wu et al.
& 2022 [53]

External rotating
magnets 55 Ø3 × 4 3.77 cm3 – 130

This work EWPT
Halbach Array 121 Ø5 × 2.7 0.13 cm3 2.2 cm 0.032

1 EWPT - Electrodynamic Wireless Power Transfer; IPT - Inductive Power Transfer.
2 Some of the dimensions are estimated from the literature.

of this WPT systems with current medical implantable tech-
nologies is a promising area of study. This technology could
revolutionize how implants are powered, reducing the need
for frequent surgeries and enhancing patient comfort. By
incorporating WPT into existing medical IoT infrastructure,
we can streamline the process and ensure safer, more reliable
power delivery to devices like pacemakers and neurostim-
ulators. This integration could significantly improve patient
outcomes and quality of life while also paving the way for
future advancements in medical technology.

VI. CONCLUSION

In summary, this paper addresses the challenges of transmit-
ting power from a wearable device to an implantable devices
via a large gap at low frequencies. A new wireless power
transfer method using Halbach-Array-based magnetic plucking
and piezoelectric transduction is presented, which is not only
ideal for low plucking frequencies, but also easy to integrate in
miniaturized devices. This new WPT method delivers around
32 µW of power to the implanted receiver over 22 mm with
37.2% enhancement in magnetic field, illustrating its potential
in realizing self-sustained implantable devices.

A comprehensive theoretical model is established, includ-
ing the magnetic Halbach array, piezoelectric transduction
and the electromechanical dynamics. Key parameters, such
as the array radius and the power transfer distance, were
examined to understand the WPT capabilities and to opti-
mize the system performance. A WPT prototype including
the wearable transmitter and the implantable receiver was
fabricated and tested. The theoretical model and numerical
results are further validated by the experimental results which
show a close agreement. The advantage of using Halbach
arrays to deliver power over longer distances is illustrated.
The self-sustained operation capability is also demonstrated
by combining the WPT system with a power management and
storage circuit. Future work includes the enhancement of the
power delivery ability, enabling simultaneous power and data

transfer, improving the bio-compatibility and further device
miniaturization, to promote the realization of personalized
and remote healthcare. In terms of the wearable transmitters,
features including lightweight, miniaturization, comfort and
low-power consumption are critical factors to be considered
for use of such devices in practice.

APPENDIX

Some supporting equations are listed in this appendix to
reduce the size of the main body of the paper. The variables
Uij , Vkl, Wpq and r to describe the dimension-associated
relations in Eqs. (2) and (3) can be expressed as:

Uij = α+ (−1)jA− (−1)ia (10)

Vkl = β + (−1)lB − (−1)kb (11)

Wpq = γ + (−1)qC − (−1)pc (12)

r =
√

U2
ij + V 2

kl +W 2
pq (13)

where A, B, C, a, b and c refer to the half dimensions of
the array and tip magnet respectively whilst α, β and γ are
the relative displacements between the magnets in the x, y
and z axis respectively. For an Halbach array operating at a
rotational frequency of ω, equations of circular motion have
been utilised to calculate α, β and γ as follows

αi = R−
(
R cos

(
ωt− 2π

i− 1

n

))
(14)

βi = R sin

(
ωt− 2π

i− 1

n

)
(15)

γi = |O3O4|+ zi (16)

R = |O1O2| (17)
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where n is the number of Halbach array magnets and i (= 1,
2, 3, ... n) is the ith Halbach array magnet and R is the radius
of the Halbach array from the centre of rotation to the magnet
centres.
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