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Abstract:

Pacemakers and neurostimulators are widely used as
implantable medical devices (IMDs) in the art in recent
years. Although such devices are an alternative, but they
are battery dependent which must be regularly replaced,
making the condition worse and costlier for surgery.
Presently, traditional wireless electricity transmitting
techniques including electromagnetic induction and radio
frequency energy transfer are limited by short transmission
distance, poor efficiency and low penetration of tissue.
In recent years, Ultrasonic energy transfer (UPT), an
emerging technology, is attracting extensive attention
because of its superior characteristics like deep tissue
penetration ability, higher energy density and high safety.
This paper studies the possibility of applications for and
development trends in ultrasound power transfer (UPT)
technology in implantable medical devices (IMDs). UPT
is touted as a potential solution to some limitations of
conventional battery-powered implants. The article outlines
a lot of benefits from our technology UPT, namely deep
tissue penetration and safety of the application as well
as figuration of its operating principles and conversion
acoustic energy in electrical one. Fluid-structure coupling
model, Mason model, and KLM model are three key
theoretical models which affect the system efficiency.
Other optimization techniques also for UPT performance
improvement are examined: acoustic matching and material
modification. The provided review serves to educate on the
technical hurdles and promises of UPT in future medical
applications.

Keywords: Implantable Medical Devices; Ultrasonic
Power Transfer; Piezoelectric Effect; Acoustic Transmis-
sion; Energy Transfer Models.
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1. Introduction

Over the past decades, Implantable Medical Devices
(IMDs) such as pacemakers and neurostimulators have
been widely used in the medical field, and these devices
not only effectively treat patients, but also significantly
improve their quality of life. However, IMDs generally
rely on battery power, and the limitation of battery life has
become a major issue. Currently, batteries usually only
last for a few years, after which they need to be replaced
by another surgery, which increases the risk of surgery
and the cost of treatment, as well as reduces the patient’s
life experience. Therefore, the development of an effective
wireless energy transfer technology is crucial to enhance
the sustainability and utility of IMDs.

Conventional wireless energy transfer methods mainly in-
clude electromagnetic induction and radio frequency ener-
gy transfer (RF) technologies. Electromagnetic induction
is based on Faraday’s Law of Electromagnetic Induction
and transfers energy by creating a magnetic field between
the transmitter and receiver coils. Its advantage lies in its
high transmission efficiency over a short distance (usually
a few centimeters) between the transmitter and receiver
and is therefore widely used in proximity charging sce-
narios such as electric toothbrushes and wireless chargers.
However, due to the rapid attenuation of the magnetic
field strength with increasing distance, electromagnetic
induction technology has a short transmission distance
and strict requirements for coil alignment, which limits its
application in deeply implanted medical devices.

RF energy transfer technology utilizes electromagnetic
waves (usually in the MHz to GHz frequency band) for
medium-distance energy transfer. Although RF energy
transmission can achieve relatively long transmission
distances, it has limited penetration in human tissues, has
large energy losses, and is susceptible to environmental
electromagnetic interference. Therefore, RF technology
is also difficult to meet the power supply needs of deeply
implanted devices.

To address the above challenges, Ultrasound Power Trans-
fer (UPT) technology has emerged as a promising alter-
native for wirelessly powering deeply implanted medical
devices. This review covers the fundamental principles,
recent advancements, and future directions in UPT sys-
tems, focusing on efficiency optimization and biomedical
applications. Various theoretical models are discussed
in this paper, such as the Mason and KLM models, and
their roles in enhancing energy transfer efficiency. Future
research should aim at integrating novel materials and ex-
ploring advanced focusing techniques to further improve
UPT system performance.

2. UPT

Ultrasound Power Transfer (UPT) is a wireless energy
transfer technology based on the transmission of energy
by sound waves. It utilizes the mechanical vibrations
of ultrasound waves to transfer energy from an external
source to a device implanted in the body. The process re-
lies on the piezoelectric effect, which converts electrical
energy into sound waves through an ultrasonic transducer,
and then reconverts the sound waves into electrical energy
through a receiver [1]. The core advantages of ultrasound
energy transfer are its low energy loss, efficient tissue
penetration and relatively small thermal effect [2]. The
core principles and benefits of ultrasonic energy transfer
are discussed in detail next.

2.1 Piezoelectric effect and energy conversion

The piezoelectric effect is the basis for ultrasonic energy
transfer. The piezoelectric effect refers to the fact that cer-
tain materials generate an electrical charge when subject-
ed to mechanical stress and, conversely, that they deform
mechanically when an electric field is applied to them [3].
This bi-directional nature of energy conversion makes
piezoelectric materials the core component of ultrasonic
transducers.

In ultrasonic energy transfer systems, piezoelectric mate-
rials are commonly used as transducers. First, an external
transmitting transducer converts electrical energy into
acoustic (mechanical) waves by inverting the piezoelec-
tric effect. Specifically, a voltage generated by an external
power source is applied to the piezoelectric material and
the material undergoes mechanical vibration, which gen-
erates ultrasonic waves in the surrounding medium (e.g.,
air or human tissue).

In UPT systems, both the transducer and the receiver rely
on the bidirectional properties of the piezoelectric effect.
This property allows the external transducer to convert
electrical energy into ultrasonic waves [4], while the in-
ternal receiver reconverts the sound waves into electrical
energy. By carefully designing the piezoelectric materials
and their geometry of the transducer and receiver, high en-
ergy conversion efficiencies can be realized. For implant-
able devices, receiver size is often a key limiting factor,
and the use of efficient piezoelectric materials ensures that
as much incoming acoustic energy as possible is captured
and converted into electrical energy.

In the body, the receivers of implantable devices also use
piezoelectric materials [4,5]. When a sound wave reaches
the receiver, the piezoelectric material converts the me-
chanical vibration of the sound wave into electrical energy
through the positive piezoelectric effect [6]. This electrical
energy can either power the implanted device or be stored



in a battery inside the device for future use.

Common piezoelectric materials include lead zirconate
titanate (PZT) and vinylidene fluoride (PVDF), which
each have their own characteristics [2,7]. PZT has a high
mechanical quality factor and strong electro-mechanical
coupling properties, while PVDF is known for its flexibil-
ity and low density, respectively, which are advantageous
in specific application scenarios.

2.2 Acoustic Characteristics Selection

Ultrasonic energy transmission utilizes the properties of
mechanical waves. Unlike electromagnetic waves, sound
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waves propagate through mechanical vibrations in a medi-
um, which means that the transmission efficiency of sound
waves is closely related to the physical properties of the
medium. In the UPT system, sound waves are emitted
from an external transducer and travel through different
tissue layers such as air, skin, muscle, etc., and finally
reach a receiver inside the body. Due to the high acoustic
impedance of human tissues, ultrasound waves are atten-
uated during propagation, so the appropriate frequency
and sound pressure level need to be selected to ensure that
the energy is efficiently delivered to the implanted device
[7,8].

Fig. 1 Three common methods of wirelessly transmitting energy for biomedical implants. UPT
has become a superior technology in terms of pentration depth and energy efficiency [8].

Ultrasonic energy transfer typically operates in the fre-
quency range of tens of kilohertz to several megahertz.
The choice of frequency depends on several factors,
including depth of tissue penetration and energy loss. In
general, lower frequencies (e.g., tens of kHz) facilitate
deeper penetration of sound waves into tissues because
there is less attenuation. However, too low a frequency
may result in less efficient energy transfer. Conversely,
higher frequencies (e.g., a few MHz) provide higher ener-
gy density but have limited depth of penetration, making
them suitable for shallowly implanted devices [9].

2.3 Focused Ultrasound Technology

Focused Ultrasound is one of the key technologies for
improving the efficiency of ultrasound energy transfer. By
concentrating acoustic energy into a small area, Focused
Ultrasound can significantly increase the efficiency of
energy transfer, reducing the scattering of sound waves in

the tissue and energy loss [6,8].

Focused ultrasound is achieved through specially de-
signed transducers or acoustic lenses. These devices can
converge the emitted ultrasound waves into a small area
such that the energy of the sound waves creates a high
sound pressure at the receiver. For example, curved trans-
ducers or multiple transducer arrays significantly increase
the energy density received at the receiver by controlling
the phase and intensity of the emitted waves so that all the
sound waves are focused on a specific depth.

Transducer Arrays are one of the most important tools for
realizing focused ultrasound. By using multiple transducer
units, arrays can emit multiple ultrasound waves simulta-
neously, which are focused on a target area by phase con-
trol and interference effects, thus increasing the intensity
of the sound waves in that area. Array transducers also
allow dynamic tuning of sound waves to different depths
and directions in response to variations in implantation
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depths and tissue environments [4].

Focused ultrasound not only increases the concentration
of energy transmission, but also reduces the scattering and
attenuation of sound waves during propagation. There-
fore, energy loss can be minimized by optimizing the path
of ultrasound. For example, an acoustic matching layer
can be incorporated into the design of the transducer to
minimize the reflection of sound waves at the interface of
different media (e.g., skin and muscle), thereby improving
the overall energy transfer efficiency [6].

2.4 Optimization of energy transfer efficiency

The efficiency of ultrasonic energy transfer depends on
several factors, including the frequency of the sound
wave, the design of the transducer, the acoustic properties
of the medium, and the size and construction of the re-
ceiver. To improve the efficiency of energy transfer, these
parameters need to be optimized for different application
scenarios [10,11].

Acoustic matching layer is one of the key designs to im-
prove the efficiency of energy transfer. When ultrasonic
waves are transmitted from one medium to another (e.g.,
from air to skin), reflections and scattering occur due to
differences in acoustic impedance, resulting in energy
loss. By adding an acoustic matching layer to the surface
of the transducer, the reflection of sound waves between
different media can be reduced, thus improving the effi-
ciency of energy transfer.

The geometric design of the receiver is also critical to im-
proving energy conversion efficiency. A smaller receiver,
while it may fit within the size constraints of the implant-
ed device, may capture less acoustic energy. By optimiz-
ing the shape and materials of the receiver, it is possible
to improve the receiver’s ability to capture energy without
increasing its size. For example, a receiver using a curved
design can better receive focused ultrasound waves, re-
sulting in improved conversion efficiency [7,12].

2.5 Advantage

UPT has excellent tissue penetration capabilities, a feature
that has allowed it to be used in a wide range of medical
applications, such as ultrasound imaging and High Inten-
sity Focused Ultrasound (HIFU) treatments, which take
advantage of ultrasound’s ability to penetrate multiple
layers of tissue in the human body and to focus on specific
locations. Similarly, UPT technology reduces energy loss
in the tissue by using lower frequencies (typically in the
range of tens of kHz to a few MHz), allowing for efficient
energy transfer to deeply implanted devices. For example,
ultrasound maintains a lower attenuation coefficient at
lower frequencies compared to the rapid attenuation of RF

energy delivery at high frequencies, allowing more energy
to be delivered at a higher power density [7,12].

UPT offers a higher level of safety. Compared to electro-
magnetic induction and radio frequency energy transfer,
ultrasound is safer to transmit in the human body and has
significant advantages in avoiding electromagnetic inter-
ference (EMI). Electromagnetic induction and radiofre-
quency energy transfer systems generate electromagnetic
fields when they operate, which can interfere with the
normal operation of other electronic devices, and IMDs
in practical medical environments often contain metal
devices. In contrast, ultrasonic energy transfer utilizes
mechanical waves that do not generate electromagnetic
interference, and the power density and sound intensity
of ultrasound can be controlled by precisely adjusting the
frequency and intensity of the sound waves, thus ensuring
sufficient energy transfer while reducing potential damage
to the tissue [12,13].

UPT has excellent focusing capabilities. By using focused
ultrasound technology, UPT can concentrate the acoustic
energy into a very small receiving area, thus significantly
improving the efficiency of energy transfer. Focused ultra-
sound utilizes a specially designed transducer or acoustic
lens to concentrate ultrasonic energy in a targeted area,
which not only improves the concentration of energy, but
also reduces scattering and attenuation in the surrounding
tissue [13]. This concentrated energy delivery makes UPT
particularly appropriate when it is needed to power small
implantable devices such as neurostimulators or drug de-
livery devices.

UPT has a low thermal effect. In wireless energy transfer,
excessive power density may lead to increased tissue tem-
peratures around the implanted device, which may cause
tissue damage or other side effects. Electromagnetic in-
duction and radiofrequency energy transmission typically
produce significant thermal effects at high power trans-
missions, especially when the device size is small and
the ability to dissipate heat is limited, which may lead to
overheating at the implant site. In contrast, ultrasonic en-
ergy delivery, at appropriate frequencies and power levels,
has a lesser thermal effect and heat buildup can be further
minimized by adjusting the pulse pattern and spacing of
the sound waves, thus ensuring safe operation of the im-
planted device [11-13].

3. Theoretical model and analysis

The operation of ultrasonic energy transfer systems in-
volves several physical processes, including the piezoelec-
tric effect, acoustic wave propagation, and the attenuation
and reflection of acoustic waves in different media. More
detail energy attenuation as shown in Figure 1. To deeply



understand and optimize this energy transfer processes;
researchers have developed a variety of theoretical models
to help predict and improve the efficiency of the system.
Theoretical models not only accurately describe the prop-
agation behavior of ultrasonic waves in complex media,
but also provide guidance for practical design and exper-
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imentation. In this section, several commonly used theo-
retical models and their applications will be highlighted,
including the Fluid-Structure Interaction (Fluid Structure
Interaction, FSI), the Mason Model [14,15] and the KLM
model [16,17]. UPT energy link is divided into five sub-
sections, as illustrated in lower right of Fig. 2.

Fig. 2 Energy flow attenuate diagram of a general UPT system.

3.1 Fluid Structure Interaction Model

Fluid Structure Interaction (FSI) is one of the most im-
portant fundamental models for ultrasonic energy transfer
systems, which is used to describe the propagation of
ultrasonic waves in different media and the interaction
between the ultrasonic waves and the receiver. The FSI
model can accurately predict the energy transfer efficiency
by considering the interplay between pressure fluctuations
of the acoustic waves and the mechanical response of the
receiver. interactions between the pressure fluctuations
of the acoustic wave and the mechanical response of the
receiver, the FSI model can accurately predict the energy
transfer efficiency [14].

3.1.1 Acoustic wave propagation in fluids

In an ultrasonic energy delivery system, sound waves
propagate from the transmitting transducer to the receiver
of the implanted device. The process involves propagation
of sound waves through a fluid medium such as water and
tissue [14,15]. The sound waves in the fluid satisfy the
fluctuation equation with the following expression:

op

ot?
Where p is the sound pressure, ¢ is the propagation veloc-
ity of the sound wave in the fluid, and V* is the Laplace
operator. This equation describes the pattern of change of

=c’V?p (1)

sound pressure with time and space. In practical applica-
tions, the attenuation and scattering of sound waves
through liquid media such as water or human tissue must
also be considered [15]. By introducing the attenuation
coefficient, the improved fluctuation equation can be ex-
pressed as:

o°p

ot
Where a is the attenuation coefficient, which describes the
energy loss of sound waves in a medium. Typically, the
attenuation coefficient is proportional to the frequency,
so that low-frequency sound waves can travel farther in a
tissue, while high-frequency sound waves are better suited
for energy transfer over short distances [14,15].

3.1.2 Acoustic response in structures

=c’V?p 2

When sound waves reach the receiver of an implanted
device, the piezoelectric material generates mechanical vi-
brations and converts the energy of the sound waves into
electrical energy. The vibration of the receiver can be de-
scribed by the equations of electrodynamics, which have
the basic form [14]:

2

ou

Where p is the density of the receiver material, u is the
displacement vector, o is the stress tensor, and f is the ex-
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ternal body force. In this equation, the pressure effect of
the acoustic wave is applied to the surface of the receiver
through boundary conditions. Since the receiver material
is usually piezoelectric, it is necessary to couple the elec-
tric field to the mechanical deformation to describe the
piezoelectric effect [14,15].

3.1.3 Coupled equation

In piezoelectric materials, there is a coupling effect be-
tween the mechanical strain and the electric field, and the
basic equation of the piezoelectric effect can be expressed
as:
Tij = CijkISkI — € Ek
D, = ekijSij +eyE

(4)

Where T; is the stress tensor, and S, is the strain tensor,
and c;, is the modulus of elasticity, and e, is the piezo-

electric constant E, is the electric field, and D, is the po-

tential shift. The above equation describes the interaction
between electric field and strain: an electric field can initi-
ate mechanical deformation, and conversely, mechanical
stress can generate an electric charge. This bi-directional
coupling property is one of the core mechanisms of ultra-
sonic energy transfer [14,15].

3.2 Mason Model and KLM Model

In addition to fluid-structure coupling modeling, equiva-
lent circuit modeling is also a commonly used approach
in the analysis of ultrasonic energy transfer systems.
By equating the physical system to a circuit model, the
analysis of the energy transfer process can be simplified,
and the efficiency and power output of the system can be
quantified [14].

Both the Mason model and the KLM model are important
tools for analyzing ultrasonic energy transfer systems. The
Mason model is suitable for simple linear system analy-
sis, while the KLM model is more suitable for complex
multi-frequency systems [15]. In practical applications,
researchers can choose the appropriate model according
to the specific system requirements. For example, when
designing high-frequency systems, the KLM model can
better capture the effect of frequency on the energy trans-
fer efficiency [14,15].

3.2.1 Mason Model

Based on transmission line theory, the Mason model
equates the piezoelectric transducer to a transmission line
with mechanical impedance and uses an ideal transformer
to describe electroacoustic conversion behavior [14].

In the Mason model, the piezoelectric transducer is equat-
ed to a transmission line with mechanical impedance

whose electroacoustic conversion behavior is represented
by an ideal transformer. The ratio of this transformer is re-
lated to the electro-mechanical coupling coefficient of the
piezoelectric material. Specifically, the equivalent circuit
in the Mason model can be represented by the following
components:

1. Mechanical impedance: The propagation of acoustic
waves in piezoelectric materials is described by mechan-
ical impedance, which is related to the density, elastic
modulus and geometry of the material.

2. Electroacoustic converters: Electroacoustic converters
represent the conversion of piezoelectric materials be-
tween mechanical and electrical energy. The mechanical
impedance is converted into electrical impedance by
means of an ideal transformer.

3. Electrical Imppedance: Electrical impedance is used to
describe the process of transferring electrical energy in a
circuit.

The advantage of the Mason model is that it can be used
to solve for the energy transfer efficiency and the electri-
cal characteristics of the system through standard circuit
analysis methods. However, the model assumes that the
system is linear and lossless, so its prediction accuracy
may be limited in certain complex scenarios [14-16].

3.2.2 KLM Model

The KLM model refines this by introducing frequen-
cy-dependent elements in the acoustic transmission line,
providing a more accurate description of the system’s re-
sponse at different frequencies [16,17].

At the heart of the KLM Model is the division of a piezo-
electric transducer into multiple physical parts, each rep-
resented by an equivalent circuit element. For example,
the mechanical response of a piezoelectric material can
be modeled equivalently as a transmission line, while its
electrical response is represented through capacitance and
inductance [17]. In this way, the KLM model can more
accurately analyze the frequency response and power
transfer efficiency of the system [16,17].

3.3 Analysis of energy transfer efficiency

An important application of theoretical models is to pre-
dict and optimize the efficiency of ultrasonic energy trans-
fer systems [18]. By analyzing the propagation of acoustic
waves in a medium and the response of the receiver, the
key factors affecting the efficiency of the system can be
found and corresponding optimization schemes can be
proposed [19-21].

3.3.1 Optimization of transmission paths

In ultrasonic energy transfer systems, the propagation path
of sound waves has a decisive influence on the efficiency



of energy transfer. To maximize the energy transfer, sound
waves should try to avoid excessive reflection, scattering
or absorption in the propagation medium. Therefore, the
design of reasonable acoustic wave propagation path is
an important means to improve the efficiency of energy
transmission [18,19].

 Frequency selection of sound waves: Frequency is one
of the key parameters affecting the efficiency of energy
transmission. Lower frequency ultrasound waves have
less attenuation in the medium and can penetrate thick-
er tissue layers, but too low a frequency may result in a
weakened response from the receiver. Conversely, higher
frequencies help to increase the sensitivity of the receiv-
er, but the depth of penetration of the sound waves in the
tissue is limited [18]. Thus, frequency selection requires a
balance between energy density and tissue penetration.

* Reflection and Scattering of Sound Waves in a Medium:
During propagation, sound waves are reflected and scat-
tered when they encounter interfaces in different media
(e.g., from air to skin). These phenomena lead to energy
losses [19]. Therefore, when designing a system, reflec-
tions can be reduced, and the penetration of sound waves
can be improved by adding an acoustic matching layer.
The role of the matching layer is to smooth out the acous-
tic impedance differences between different media and re-
duce reflection losses at the interface, thus improving the
overall energy transfer efficiency [18-20].

e Focused ultrasound applications: Focused ultrasound
can concentrate acoustic energy in the receiver through an
array of acoustic lenses or transducers. This not only sig-
nificantly increases the acoustic energy density, but also
reduces energy loss in non-targeted areas. Focused ultra-
sound technology is particularly important for powering
deeply implanted devices, as it can effectively improve
the transmission efficiency of the system [19].

3.3.2 Optimization of receiver design

The design of the receiver is also critical for improving
the efficiency of energy conversion. The geometry, mate-
rial selection and electrical properties of the receiver all
affect its efficiency in receiving sound waves [18,20].

« Piezoelectric Material Selection: Commonly used piezo-
electric materials include lead zirconate titanate (PZT) and
vinylidene fluoride (PVDF.) PZT has a high electro-me-
chanical coupling coefficient and can provide high energy
conversion efficiencies. However, PZT is stiff and not
easily bendable, which can be a limitation in certain appli-
cation scenarios where flexibility is required. In contrast,
PVDF has better flexibility and is suitable for implantable
devices with complex shapes. In addition, studies have
shown that energy conversion efficiency can be further
improved by using multilayer piezoelectric material de-
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signs or 1-3 type piezoelectric composites [18-20].

* Effect of receiver size: The size of the receiver is usu-
ally limited by the size of the implanted device. Smaller
receiver sizes, while easily implantable, may not receive
enough energy. Therefore, when designing a receiver, it
is often necessary to optimize its geometry and materials
to maximize its ability to capture energy. For example,
curved surfaces or focused receivers may better capture
sound waves from different angles, thereby improving en-
ergy capture [20,21].

* Optimization of circuit design: After the receiver con-
verts acoustic waves into electrical energy, it needs to sta-
bilize the output voltage and supply power to the implant-
ed devices through rectifier and energy storage circuits.
Optimizing the circuit design of the receiver to reduce the
loss in the power conversion process is also a key step to
improve the overall efficiency of the system [19,21].

3.3.3 Analysis of overall system efficiency

The efficiency of an ultrasonic energy transfer system
depends on several components, including the emission,
propagation, reception, and conversion of the sound
waves to electrical energy. The efficiency of each link has
an impact on the final energy transfer efficiency [21]. To
improve the overall efficiency, the following aspects need
to be considered:

* Efficiency at the transmitter side: The efficiency at the
transmitter side depends primarily on the design of the
ultrasonic transducer and the efficient conversion of the
input electrical energy. By optimizing the electro-acoustic
conversion efficiency of the transducer, it is possible to
ensure maximum conversion of electrical energy into me-
chanical sound waves [19].

* Influence of the propagation medium: The nature of the
propagation medium (e.g., speed of sound, attenuation
coefficient, etc.) affects the propagation efficiency of
sound waves. Especially in human tissues, attenuation and
reflection of sound waves lead to energy losses, which
can therefore be reduced by frequency selection, focusing
techniques and the design of matching layers.

» Receiving end efficiency: The design of the receiver not
only affects its ability to receive sound waves, but also di-
rectly affects its efficiency in converting sound waves into
electrical energy. The use of efficient piezoelectric mate-
rials and optimized circuit design can improve the energy
conversion efficiency at the receiver end [20,21].

* System Integration Optimization: Effectively integrating
all these elements into a single system and ensuring the
efficient operation of each link is the ultimate goal of im-
proving the overall efficiency of the system [20]. In this
process, it is necessary to balance the parameters of the
transmitter and receiver and optimize the design for differ-
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ent application scenarios.

4. Conclusion

This paper provides a detailed review of the application of
wireless energy transfer technology in implantable med-
ical devices, focusing on the principles and advantages
of ultrasonic energy transfer (UPT) and its potential in
practical applications. It covers the fundamental princi-
ples, recent advancements, and future directions in UPT
systems, focusing on efficiency optimization and biomed-
ical applications. Various theoretical models are discussed
in this paper, such as the Mason and KLM models, and
their roles in enhancing energy transfer efficiency. UPT
is an ideal choice for wireless power supply of deeply
implantable devices due to its excellent tissue penetration
capability, efficient energy focusing characteristics, and
low thermal effect. Combined with technologies such as
focused ultrasound and acoustic matching layer, the en-
ergy transfer efficiency of UPT is significantly improved,
especially in complex human environments showing good
adaptability and safety.

Future research can enhance the efficiency and stability of
UPT by further optimizing the design of the transducer,
improving the conversion performance of the piezoelectric
material, and developing more accurate theoretical models
to promote its wide application in medical implantable de-
vices.
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