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The integration of electronics and biology has spawned bioelectronics and opened exciting opportunities
to fulfill the unmet needs of therapeutic treatments. Recent developments in nanoelectronics and soft
and biocompatible materials have shown potential applicability to clinical practices, including
physiological sensing, drug delivery, cardiovascular monitoring, and brain stimulation. To date, most
bioelectronic devices require wired connections for electrical control, making their implantation
complicated and inconvenient for patients. As an alternative, wireless technology is proliferating to
create bioelectronics that offer noninvasive control, biotelemetry, and wireless power transfer (WPT).
This review paper provides a comprehensive overview of wireless bioelectronics and ongoing
developments in their applications for organ-specific treatments, including disorders and dysfunctions.
The main emphasis is on delineating the key features of antennas, namely their radiation characteristics,
materials, integration with rest of the electronics, and experimental setup. Although the recent progress
in wireless mediated bioelectronics is expected to enhance the control of its functionalities, there are still
numerous challenges that need to be addressed for commercialization, as well as to address ever-
expanding and evolving future therapeutic targets.

� 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction The antenna system and associated wireless circuitry offer a
Recent developments in implantable electronics technology
have created a unique opportunity to improve diagnostic and ther-
apeutic procedures in medical practice. Bioelectronics comprise
one of the key facets of implantable electronics. They are designed
to operate inside the human body and can transmit electrical
pulses to manipulate organ functions and neural activities, in the
form of brain stimulators, pacemakers, and cochlear and retinal
implants (Fig. 1) [1–4]. Extensive research is being conducted to
devise flexible, nontoxic, biocompatible, cost-effective, and small-
form-factor bioelectronics to extract physiological information
from neural signals for treating a wide range of disorders [5–7].
Although they are typically considered as implants, their wearable
applications have been the subject of recent interest [8]. A typical
bioelectronic device offering multifunctional capabilities com-
prises ① power sources or batteries, ② antenna systems [9,10],
③ control circuitry, ④ mechanically stable tiny reservoirs for car-
rying drug formulations [11,12], and⑤ ultralow-power electronics
[13,14].
noninvasive way of transferring a plethora of real-time data,
including physiological information, organ health, and device sta-
tus to the external unit. Wireless functionality, therefore, offers
convenience, unlike devices that require a surgical operation for
data extraction. However, electromagnetic signals undergo attenu-
ation and absorption while propagating through body tissues,
deteriorating the device performance with respect to efficient
and robust wireless data transfer links [15]. Several strategies to
reduce path loss through the body have been presented in the lit-
erature [16]. It is well known that body tissues allow effective
propagation of electromagnetic waves at low frequencies [17];
however, this comes at the cost of large antennas. Stringent minia-
turization requirements, however, constrain the integration of
antennas within the compact space available [18,19]. Shaping the
antenna design has thus been of paramount importance not only
for miniaturization, but also considering the adverse impacts on
radiation efficiency that are already exacerbated by the lossy
body tissues [20–22]. Antenna miniaturization techniques have
focused on low-frequency bands, including medical implant
communication service (402–405 MHz), industrial scientific and
medical (ISM) band [23,24], and MedRadio (401–406 MHz)
[23,25–27] for optimal signal strengths at the receiving unit.
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Fig. 1. (a) Schematic of wirelessly controlled bioelectronic devices for organ specific therapeutic and diagnostic applications. (b) On-body transmitting antenna is wirelessly
connected with a bioelectronic device. The wireless connection can be used to perform multiple functions, including wireless power transfer (WPT) and data communication.
WPT powers the device, obviating a battery. Bidirectional data communication is used for real-time monitoring of a device performance and its control.
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Furthermore, bioelectronic antennas have been proposed for very
low frequencies, such as 13.56 MHz [28–30] and 5 MHz [12].

Microfabrication technologies and burgeoning interest in flexi-
ble materials have also permeated in the development of hybrid,
biocompatible, conformal, miniaturized, efficient, and soft anten-
nas, paving the way for their seamless integration in bioelectronic
devices [1,2,8,31,32]. Although bioelectronics can effectively
modulate neural activity, their lifespan is limited. Energy harvesting,
including the use of piezoelectric [33,34], thermoelectric [35], and
biopotential [36] techniques, have been utilized as potential alter-
natives to traditional battery sources. Although these techniques
can reduce the overall volume, the generated power density is
insufficient for continuous operation. Wireless power transfer
(WPT) techniques based on near-field electromagnetic coupling
have recently been implemented for bioelectronics, offering diverse
functionalities and longer use while eliminating the constraints
associated with battery power [37,38]. Considerable attempts are
still beingmade to devise efficient antenna designs for bioelectronic
devices, with the aim of reshaping their WPT capabilities.

This review highlights recent advances in antenna systems, par-
ticularly those designed for wireless bioelectronic devices. The
emphasis of this paper is on antenna design in the context of
biocompatible materials, packaging, fabrication methods,
operating frequency, and radiation characteristics. Subsequent
sections discuss different organs of the body that can benefit from
their potential use in diagnostic and therapeutic applications.

This review paper is replete with a natural language processing
(NLP)-assisted survey strategy; analyzing a great amount of
relevant literature, including key studies and their findings that
humans unassisted may have overlooked. Our NLP-based text
summary technique can automatically extract the key ideas or
most relevant information within the scope of the original content,
which has been validated using the Rouge matrix. Using these
validated NLP-generated summaries, the authors improved the
scope of this review.

2. Gastrointestinal tract monitoring

The gastrointestinal (GI) tract can elucidate the seminal physi-
ology of almost every organ in the human body [18]. The common
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disorders associated with the GI tract include dysphagia, gastroe-
sophageal reflux disease, functional dyspepsia, gastroparesis,
chronic intestinal pseudo-obstruction, and irritable bowel syn-
drome [39]. For the treatment of such disorders, ingestible bioelec-
tronic devices, including an endoscope [3], three dimension (3D)
printed gastric electronics [40], bacterial electronic systems [41],
ingestible hydrogels [42], and wireless capsule endoscope devices
[23,43–45] have recently been discussed. Some of these devices
are commercialized and readily accepted as a clinical procedure,
assisting medical experts in the diagnosis and early detection of
these disorders in a noninvasive fashion. For instance, a typical
capsule endoscope device can detect biomolecules in real-time
and send high-resolution images from inside the body to an exter-
nal physician over a wireless link [23,46,47]. A physician can inter-
pret these images to diagnose a wide range of disorders or ailments
and can prescribe treatment accordingly [48].

An ingestible device can have sensors, battery units, antennas,
cameras, and many other electronic components [49]. Numerous
materials and fabrication methods have been explored in the liter-
ature to realize miniaturization [50]. The emerging 3D printing
technology has also been envisioned to fabricate miniaturized gas-
tric electronics (Fig. 2(a)) [40]. However, the integration of the
antenna with an optimal efficiency for reliable wireless communi-
cation with the external unit has remained a major challenge. A
wide array of antenna designs has been studied in the literature
for ingestible devices [19,23,44,45,51–65], and their seamless inte-
gration around the conformal shape of a device is achieved using
flexible materials (Fig. 2(b)) [66,67]. Meandered structures have
often been proposed for ingestible conformal antennas owing to
their ability to resonate at low frequencies while occupying limited
space [23,68]. Apart from conformal structures, few ingestible bio-
electronic devices have been fabricated with embedded antennas
for WPT and communication (Fig. 2(c)) [69]. Some studies have
reported transient and biodegradable printed antennas on cellu-
lose fibers or biodegradable composite films to improve the radia-
tion characteristics of ingestible antennas [70,71].

Impedance matching of an antenna with the rest of the elec-
tronic circuitry is a major design criterion for transmitting and
receiving wireless signals with high reliability. The dielectric prop-
erties of body tissues vary with frequency and can thus detune the



Fig. 2. Ingestible bioelectronic devices. (a) 3D printed gastric electronics with drug delivery modules. The inset image shows integration of an antenna operating at a
Bluetooth radio frequency (RF) of 2.4 GHz [40]. (b) Fabricated loop antenna conformed around the capsule shaped device for wireless endoscopy. (c) Integration of
components (programmable load resistor (digitally controlled potentiometer (DCP)), crystal (XTAL), microcontroller (lP), RF matching network (MATCH), and antenna (ANT)
on the front side, with the battery (BATT) and decoupling capacitor (CAP) on the reverse side) over a printed circuit board (PCB). The PCB is embedded in a capsule-shaped
ingestible device. (b) Reproduced from Ref. [23] with the permission of IEEE, �2019; (c) reproduced from Ref. [69] with the permission of Springer Nature, �2017.
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antenna resonant frequency. An adaptable and wideband impe-
dance matching network can be an effective alternative for implan-
table and ingestible antennas that can experience detuning in the
presence of lossy body tissues [72]. Moreover, ingestible electron-
ics can undergo random orientation while moving through the
digestive tract. In this context, circular [60] and dual-polarized
[73] omnidirectional antennas have been proposed in the literature
to mitigate the loss of communication links with external units. To
track a device location in the digestive tract, localization tech-
niques that focus on analyzing the received signal strength at the
external unit are employed [43,48].

Despite considerable progress in wirelessly controlled ingesti-
ble bioelectronics, the challenges associated with limited battery
capacity lower their operation time. Biocompatible batteries have
been considered in the literature for implants; however, they
increase the overall device size and are, thus, inconvenient. As an
alternative, WPT has been considered a paramount strategy for
ingestible bioelectronics [69,74,75].
Fig. 3. Retinal prosthesis and associated primary power and data coils.
(a) Prototype of the device. The model of an eye is fabricated with plastic material;
the power and data coils are made of gold material. (b) The external primary coils
are potted in polydimethylsiloxane (PDMS). Reproduced from Ref. [95] with the
permission of IEEE, �2011.
3. Retinal prosthesis

Ocular diseases, such as macular degeneration (MD) and retini-
tis pigmentosa (RP) mostly affect the vision of the aging population
and can lead to complete blindness or visual dysfunction [76,77].
The limited space in the human retina is a major bottleneck in
the treatment of ocular diseases. Moreover, retinal implants with
connected wires are considered infeasible owing to the risk of
infections. Therefore, wireless technology for retinal prosthesis
has been extensively reported to enable wireless control of the
implant functions [78–87].

A quintessential system for retinal prosthesis encompasses
extraocular and implanted intraocular systems [77]. The visual
data are captured using the extraocular system and transmitted
wirelessly through an antenna system, whereas the intraocular
system consists of an electrode array, antenna, and a signal pro-
cessing unit [88,89]. An antenna is used to establish wireless links
between the extraocular and intraocular systems, as well as for
power transfer [81]. Compact antennas are preferred for retinal
implants, and their size miniaturization techniques, such as mean-
dered microstrip lines [90], wires [91], and folded dipoles [92],
have been extensively discussed in the literature. Nonetheless,
miniaturization techniques, which are essential for integrating
the antenna within an intraocular unit, often result in a narrow
bandwidth and low gain. A triangular-shaped microstrip patch
antenna was reported in Ref. [77] to enhance the bandwidth of
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the implanted and external subsystems for wireless retinal
prosthesis.

An epiretinal implant was reported in Refs. [93,94] for the elec-
trical stimulation of retinal neurons. The device is assimilated with
a receiving (Rx) coil, electronics, and electrode array and is surgi-
cally implanted around the eye. The transmission (Tx) coil is inte-
grated into the external glasses, which also has a video processing
unit (VPU), video camera, and coil. The Tx coil transmits the pro-
cessed video image data to the Rx coil mounted around the eye.
The amplitude modulation at 3.156 MHz is used for data commu-
nication between the Tx and Rx coils as well as for WPT. In another
study, it was demonstrated that the placement of a coil-based
antenna in the anterior aspect of the retina can enhance the induc-
tive coupling efficiency with the primary coil (Fig. 3(a)) [95]. This is
mainly because the anterior aspect has more space than the tem-
poral side of the eye. For this reason, a relatively large coil can be
implanted, thus potentially improving radiation characteristics.
To mitigate any infection in the surrounding tissues, the coils are
wound on a spherical mandrel, which resembles the curvature of
the eye. The coils were fabricated using gold and spherically
formed to match the eye curvature, as shown in Fig. 3(b).

In the context of wide bandwidth, compact microstrip antennas
have been investigated for dual-unit retinal prosthesis at operating
frequencies of 1.45 and 2.45 GHz [77]. For the extraocular unit, a
planar inverted-F antenna (PIFA) is designed on a pair of glasses,
whereas equilateral triangular microstrip intraocular antennas
are designed to integrate within the compact ciliary muscles of
the eye. The coupling performance of a wireless link was evaluated
in the presence of a human head model, whereas an eye phantom
was used to perform measurements.
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4. Cochlear implants for auditory nerve stimulation

Hearing loss is related to sensory-neurological disorders that
can affect the lifestyle of people [96,97]. Hearing aids in the form
of implants have been successfully commercialized over the last
few decades and have transformed cochlear treatment. They are
capable of restoring the hearing by stimulating the auditory nerve
with electrical signals [98–100].

A wireless cochlear implant features external and internal
units that are coupled through coils (Fig. 4) [101]. The external
unit is used to process the acoustic signals and then generate
stimulation patterns in the frequency range of hearing loss
[101]. These patterns are wirelessly transmitted from an external
unit to the implant over a low-frequency signal (Fig. 4). The
received signal is demodulated and processed to generate
electric currents through an electrode array and are threaded
into the cochlea to stimulate the auditory nerve. The bidirec-
tional communication between the external and implanted units
is critical for effective transmission of stimulating patterns, as
well as for WPT.

Coils are mainly deployed in cochlear implants owing to their
ability to communicate effectively through magnetic fields in
near-field communications (NFCs) [101,102]. However, they often
suffer from various electromagnetic interference issues. To over-
come this limitation, a shielding coil is proposed for the transmit-
ting coil of a cochlear implant [102].

Several other types of antennas have been discussed in the
Refs. [96,103,104]. Loop antenna designs operating in the ISM
band were reported in Refs. [96,104]. Furthermore, to realize
high-data-rate communication and an ultra-wideband transcei-
ver was reported in Ref. [103]. The overall system consumes
low power owing to the ultra-wideband transceiver
characteristics.
Fig. 4. Schematic and components of the cochlear implant and its wireless connectivity w
phase-shift keying; POPA: programmable output power amplifier; ILPS: inductive link pow
from Ref. [101] with the permission of IEEE, �2019.
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5. Hyperthermia treatment

Hyperthermia treatment is a thermal therapy technique that
exploits the thermal response of body tissues in confining heat to
ablate tumors with electric current-induced Joule heating
[105–111]. In clinical practice, it is occasionally implemented in
conjunction with chemotherapy or radiotherapy. Recently, wire-
lessly controlled stents have been reported for hyperthermia treat-
ment [112–114]. They serve as heaters and resonate only when the
external radio frequency (RF) is matched to their own resonance. In
a recent report, a gold-coated stent was presented in the form of an
inductor and integrated with a capacitor microchip [112]. The
entire stent was packaged with a 40 lm thick Parylene C film
and excited with an external omnidirectional antenna system.
The in vitro experiments confirmed the ability of the stent to gen-
erate heat in response to external RF power.

A similar approach was discussed in Ref. [113] for wireless
endohyperthermia treatment, where a stent acts as a frequency-
selective wireless heater (Fig. 5). It features an inductor–capacitor
(LC) tank circuit that is tuned to external RF fields, originating from
a loop antenna (diameter of 12 cm). Upon heating, the stent applies
stress to generate neointimal hyperplasia for in-stent restenosis.
A biocompatible (1.5 mm � 2 mm � 0.6 mm) circuit breaker
approach based on balloon catheters to control the temperature
rise in a stent was discussed in Ref. [115]. The circuit breaker incor-
porates an embedded capacitor. A micromachined shape memory
alloy cantilever was used as a thermoresponsive switch to turn
the circuit breaker on and off. An interesting approach of using
the stent as an antenna was reported in Ref. [116]. The stent is
not only used for endohyperthermia treatment; its potential to
establish wireless data and power transfer links is experimentally
demonstrated at ISM bands of 915 MHz and 2.45 GHz. The entire
device utilizes only an application-specific integrated circuit and
ith external unit. DSP: digital signal processor; LSK: load-shift keying; BPSK: binary
er supply; DAC: digital to analog converter; CDR: charging data record. Reproduced



Fig. 5. Fabricated active-stent device for wireless endohyperthermia treatment of
restenosis. PI: polyimide. Reproduced from Ref. [113] with the permission of
Elsevier, �2015.
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is fabricated with a 0.13 lm complementary metal oxide semicon-
ductor (CMOS) process within 1.56 mm2. The overall system is cap-
able of harvesting RF power from incident waves at 2.4 GHz,
whereas it transmits data at the 915 MHz band.

6. Cardiovascular healthcare

Cardiovascular diseases (CVDs) are associated with the heart
and blood vessels, and globally affect human life expectancy. For
this reason, real-time monitoring of heart functions using bioelec-
tronics has been extensively considered in the recent past for early
CVD detection [117–122]. Soft and flexible materials have been
used in the fabrication of continuous cardiac monitoring devices,
such as cardiac pacing, robotic sleeves, and electronic stents
[119]. Many of these devices are equipped with a wireless control
unit for transmitting heart rhythms to an external unit, which is
convenient for cardiac monitoring, unlike traditional wearable
electrocardiogram (ECG) equipment that requires several wires
for mating sensors to the body [121,123–127].

The aforementioned advantages of wireless cardiac monitors
have opened immense opportunities for antenna designs that can
perform bidirectional data communication [128–130] and WPT
[131–134]. Coil- [129,131–138], loop- [139], monopole- [140],
patch- [141], and circumferential- [142] shaped antenna designs
for cardiac pacemakers are often discussed in the literature,
Fig. 6. Bioelectronic devices for cardiovascular healthcare. (a) Schematic of the weara
presented. The flexible antenna is fabricated on the PI substrate with the NFC and battery
(ii) manufactured pacing circuit with charging element; (iii) schematic of the leadless pac
(v) pin couple for implantation in the tissue. (c) Fabricated 1 � 2 transmit array connec
ground plane (bottom). Dimensions (in mm) areW1 = 9.91,W2 = 7.8,W3 = 4.25,W4 = 2.8,
Springer Nature, �2018; (b) and (c) reproduced from Ref. [139] with the permission of
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whereas the most common approaches for data communication
are based on NFC [4,121,143] and RF identification (RFID).

A flexible antenna design was reported in Ref. [121] for a soft
cardiac wearable sensor that can transfer data to an external
smartphone (Fig. 6(a)). In another study, a PIFA was proposed for
an artificial cardiac pacemaker operating at 403 MHz [144]. The
antenna demonstrated wide impedance bandwidth characteristics
and was fed with a coplanar waveguide. The resonant frequency of
the antenna is controlled by an L-shaped split. The dimensions of
the entire pacemaker configuration were 30 mm � 35 mm �
7 mm. The antenna performance was evaluated in a human-
equivalent tissue phantom, demonstrating a peak gain of �24.61
dBi at 403 MHz.

A radio transceiver was envisioned in an implantable pro-
grammable controller at 433 MHz [145]. To overcome the chal-
lenges associated with a limited battery life, an implantable
rectenna operating at 954 MHz was proposed for a cardiac pace-
maker (Fig. 6(b)) [139]. The rectenna is realized with a planar
dipole antenna constructed with hexagonal fractals and assimi-
lated with an impedance matching and rectifier circuit. For minia-
turization, rectangular strips are organized in an antenna structure
along with a high-permittivity dielectric substrate (�r = 9.8). To
demonstrate theWPT capability of the system, a wearable transmit
antenna array (1 � 2) was fabricated using conducting strips
(Fig. 6(c)). The ground plane of the structure was truncated to
realize a directional beam and good impedance matching. The
low thickness (0.254 mm) of the substrate helps to conform the
antenna array over the test subject body. The in vivo testing of a
pacemaker was performed using the Dorset breed model (Fig. 7(a))
[139]. The wearable transmit array was placed over the chest,
transmitting an RF power of 21 dBm to the implant. The rectified
direct current (DC) voltages measured by the rectenna as a
function of the input RF power are shown in Fig. 7(b) [141].

A similar rectenna-based approach has been reported for a bat-
teryless asynchronous cardiac pacing system [141]. The implant
consists of an electrode antenna (resonating at 1.2 GHz), an impe-
dance matching circuit, and a rectifier. For the antenna, a planar
microstrip topology is utilized and integrated with a complemen-
tary split-ring resonator: The overall system dimensions are
ble cardiac sensor device. The integration of multiple components and layers are
module. (b) Prototype of the rectenna based pacemaker. (i) Manufactured rectenna;
emaker before its integration; (iv) front view of the complete fabricated pacemaker;
ted with a corporate feed network (top), and D shaped slots that are etched on the
L1 = 60.5, L2 = 55.6, and R = 45. (a) Reproduced from Ref. [121] with the permission of
IEEE, �2019.



Fig. 7. (a) Illustration of the in vivo experiment setup that is used to test the pacemaker in the Dorset breed model. The transmit array is connected to the power amplifier and
signal generator. (b) Prototype of batteryless and implantable wireless asynchronous pacing system. Different fabricated components of the system are presented, with
dimensions (in mm) ofW = 12, L = 10, P = 15, B = 12.4, C = 4.5, and D = 14.4. (a) Reproduced from Ref. [139] with the permission of IEEE, �2019; (b) reproduced from Ref. [141]
with the permission of IEEE, �2019.
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10 mm � 10 mm. An external horn antenna was used to transfer RF
power to the implant, with 25 cm between them. The system was
implanted over the epicardial surface of the left ventricle in an
ovine subject. The antenna performance was evaluated in an
implantable scenario. It is reported that the return loss of the
antenna is �17 dB at 1.25 GHz, whereas the measured realized
gain is �1.5 dBi. The external horn antenna transmits an RF power
of 10 dBm, generating 0.0082 mW∙cm�2 at the implant location.
7. Drug delivery devices

Drug delivery systems are capable of transferring therapeutic
agents to the targeted location with optimal efficacy and pharma-
cokinetics [11]. They can perform multiple functions related to
dosing and can tailor drug release kinetics in real time to achieve
the desired concentrations and diffusion rates in the human body.
Several electronic components and materials have shown potential
to support drug delivery with enhanced patient compliance, adapt-
ability, and drug safety [146]. Passive [147] and active [148] drug
release mechanisms have been reported. Active systems are more
commercialized than passive systems, which suffer from low drug
concentrations and small actuation forces and require complex
system packaging [149]. Currently, most active systems are wire-
lessly controlled, granting patients autonomy over the drug release
time, and allowing the dosing schedule to be tailored by program-
ming the device wirelessly [150–153].

Wireless control of the drug release mechanism can open new
frontiers for therapeutic treatment. In this context, several wire-
lessly controlled drug delivery platforms have shown potential for
treating a plethora of ailments related to hormone imbalances,
malignant cancers, and others [11]. Recent innovations inmicrofab-
rication technologies have enabled the integration and packaging of
electronics, materials, microprocessor controllers, antennas, and RF
circuits within the compact space of a device [146]. All these com-
ponents are assimilated along with small reservoirs to store drugs.
Thus, this device configuration requires a compact antenna design
to allow enough space for the integration of reservoirs and other
electronic components. With the emergence of flexible biocompat-
ible materials, it has become possible to fabricate conformal anten-
nas that can adapt to the shape of the device [154].

The bidirectional communication link between the device and
external unit can share information about the battery voltage sta-
tus, drug diffusion rate, and release time [154]. Hence, an efficient
antenna design is indispensable for achieving reliable and robust
links through the human body. In a recently published report, a
device based on bioresorbable polyanhydride reservoirs was
demonstrated for drug delivery, and it could be wirelessly powered
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over inductive links (Fig. 8(a)) [12]. The RF power harvesting unit
consists of a magnesium (Mg) RF coil, a silicon nanomembrane
(SiNM), and a parallel plate capacitor (Fig. 8(b)). The quality factor
of a coil is approximately 15, which can induce sufficient voltage
for long-distance operation. The device was actuated using a 5
MHz signal generated from an external transmission coil (80 mm
diameter, three turns, and winding with 1.6 mm diameter copper
wire). The reflection coefficients of the harvester circuit in the
device are shown in Fig. 8(c). The low-frequency signal was care-
fully selected to realize small parasitic absorption in biological tis-
sues [155]. The signal received by the device produces an electric
current in the pair of Mg electrodes attached to the reservoir. Thus,
the electric current initiates the electrochemical dissolution of a
metal gate structure that seals the reservoir. This process opens
the reservoir, releasing the drug from the device. The proposed sys-
tem was also upgraded to demonstrate drug release from multiple
reservoirs of the device (Fig. 8(d)). Each reservoir in the device has
its own integrated power-harvesting unit and resonates at three
different frequencies (5.14, 9.92, and 14.78 MHz). The multifre-
quency harvester resonance is achieved using matching capacitors
(19, 23, and 85 pF) with individual coils (Fig. 8(e)).

Another study reported a microchip-based multireservoir
device for polypeptide delivery inside the human body [156]. Each
microchip had dimensions of 15 mm � 15 mm � 1 mm and con-
tains 100 individually addressable 300 nL reservoirs. A loop
antenna is formed around the device to receive information about
the targeted reservoir and drug release through the electrothermal
dissolution process (Fig. 8(f)).

Transdermal drug delivery devices can be self-administered and
offer minimal fluctuations in the drug concentration levels
[157,158]. They generally contain an array of microneedles over
the patch, and each of the microneedles is attached to a drug reser-
voir beneath. The patch is placed on the skin and then pressed to
transport drugs into the systemic circulation [159]. An interesting
approach was presented in Ref. [157] for wirelessly controlled drug
delivery. The patch is batteryless and encompasses a flexible circuit
board, temperature sensor, and NFC module (Fig. 8(g)). The local
skin temperature is transferred through theNFC antenna to a smart-
phone with NFC capability (Fig. 8(h)) [157]. The temperature pro-
files of human skin are useful for controlling the amount of drugs
released. It is also demonstrated that the patch can harvest power
from the user’s smartphone under different bending conditions in
the frequency range between 14.2 and 14.6 MHz. The voltage
required for smooth patch operation of a patch corresponds to a dis-
tance of less than 10 mm between the patch and the smartphone.

The aforementioned drug delivery devices are not strictly bio-
electronics, and there are few reports that discuss potential organic
[160,161] and conductive [162,163] materials for bioelectronic



Fig. 8. Wirelessly controlled drug delivery devices. (a) Schematic of a wirelessly enabled implantable bioresorbable drug delivery system with an electrical triggering
mechanism [12]; (b) the wireless power harvester of the device consists of an RF power harvester with a Mg coil, SiNM diode, and a Mg/SiO2/Mg capacitor [12]; (c)
comparison of simulated and measured scattering parameters (S11) of the harvester, the resonant frequency of the harvester is approximately 5 MHz [12]; (d) illustration of a
system with three separate reservoirs and wireless stimulator units [12]; (e) comparison between simulated and experimentally measured voltages of the three separate
harvesters operating at different frequencies to demonstrate minimal cross talk [12]; (f) fabricated integrated components on the PCB; (g) demonstration of a smartphone
interface with the drug delivery patch attached to the joint; (h) schematic view of patch comprising a flexible circuit board, drug delivery electrode, NFC antenna, and copper
wires, the antenna is wrapped in the device using PI coating. PBTPA: polybutanedithiol 1,3,5-triallyl-1,3,5-triazine-2,4,6 (1H, 3H, 5H)-trione penteonic anhydride; PLGA: poly
(lactic-co-glycolic acid). (f) Reproduced from Ref. [156] with the permission of Springer Nature, �2006; (g, h) reproduced from Ref. [157] with the permission of Springer
Nature, �2020.
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delivery of drugs. These reports are mainly focused on novel mate-
rials and their interfaces with body tissues.

Widening the scope of this area of research can lead to the
development of future wireless bioelectronic devices that can not
only deliver personalized drugs, but also increase drug uptake in
the body.

8. Physiological monitoring

The benefits of bioelectronic devices promote their applications
in continuous physiological monitoring and sensing because of the
recent developments in soft and flexible materials, which have
33
realized unobtrusive and facile interfaces of bioelectronics
with the human body [8,119,164–166]. In clinical practice, large
quantities of physiological data are retrieved and analyzed from
heart rates [167], respiration rates [168], pulse rates [169], stress
[170], cerebral hemodynamic monitoring [165], sweat [171], and
blood pressure [168] for diagnosis and therapy. Wireless technol-
ogy has stimulated research and commercial activity related to
physiological sensing by offering support and flexibility in data
acquisition at a distance from the body [172]. It also contributes
to the development of an interface that takes data from the sensor
and wirelessly broadcasts it to the end user laptop, tablet, or
mobile phone to graphically interpret physiological information.
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In the literature, several protocols, such as Bluetooth [165,169–
171,173,174] and NFC [28], have been proposed to regulate power
and data communications in physiological monitoring. The demon-
stration of NFC-enabled physiological sensing is presented in Ref.
[28]. The proposed work leverages NFC enabled clothing and
excluded the requirements of a battery in sensor nodes. Multiple
inductor patterns acting as relays between physically separated
locations are embroidered using a conductive thread on textile
materials. The NFC antenna (reader) is placed in close proximity
to inductor patterns and induces current in the relay owing to
time-varying magnetic fields operating at 13.56 MHz. The electric
current focused at the terminal end of a relay acts as a resource
for wireless powering and connectivity. The reader output power
is considered to be constant at 200 mW, whereas 4 mW power
consumption is estimated at the sensor node by measuring the
strain and temperature of a running athlete.

Sleep is a vital physiological function, and any kind of deficiency
in its cycle or patterns can influence brain function, cardiac
rhythms, and the autonomic nervous system [175]. Recently, an
interesting application of wireless bioelectronics has been demon-
strated for real-time home sleep monitoring [164]. The system
offers soft and conformal interfaces and records the galvanic skin
response (GSR), which is a physiological signal associated with skin
conductance and the sympathetic nervous system [176]. The sys-
tem is connected to the skin using nanomaterial-based electrodes
and encompasses lightweight and low-power electronics (Fig. 9).
Similar studies have been reported for monitoring stress using bio-
electronics [170,177].
9. Brain stimulators

An in-depth understanding of brain functions is an overarching
goal in neuroscience research to overcome the daunting challenges
associated with complex and mostly invasive neurological treat-
ments [30,82,178–181]. Neural functions related to neurochemical
Fig. 9. Wireless soft bioelectronics-based home sleep monitoring system [164]. (a) Illus
system over the flexible material (left) and graphene electrodes over the silicone tape
involving data flow and classification of sleep signals.
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sensing [157], cell-specific neuronal activity [181], tissue oximetry
[182], neural dynamics recording [181,183], neuromodulation of
peripheral nerves [184], and determination of the root cause of
neurodegenerative diseases [178] have been investigated by the
neuroscience community. In the recent past, attention has been
given to engineering implantable bioelectronics by incorporating
flexible biocompatible materials for long-term and facile interfaces
with neural circuits [185–187]. Moreover, bioresorbable materials
have also been discussed in the literature for sustained nonphar-
macological neuroregenerative therapy [155].

Concerted efforts from pharmacology and optogenetics
research have elucidated the interaction of neural circuits with
pathological brain functions [184,188]. A wide range of multifunc-
tional neural probes and microelectrodes that can record brain
electrical activities upon insertion are realized using silicon mate-
rials [189,190] and CMOS technology [191,192]. Despite neural
probes and microelectrodes showing tremendous potential, they
are known to cause inflammation in brain tissue and bleeding
upon insertion [192]. In addition, tethered optical fibers are real-
ized in optogenetics to deliver light to neurons for recording fluo-
rescent signals [181]. However, optical fibers can reduce subject
movement and limit the scope of experimental paradigms. To
overcome the aforementioned drawbacks, wireless technology
has been actively considered as an alternative
[178,187,188,193,194].

Peripheral neuromodulation is realized using a wireless closed-
loop system for optogenetics-based sensing and stimulation
(Fig. 10(a)) [29]. The system is equipped with a wireless control
module, encompassing an integrated low-power RF embedded
microcontroller. The system is inductively powered through a
three-coil system at an operating frequency of 13.56 MHz and
implanted in rats to treat an overactive bladder (Fig. 10(b)). The
wireless part of the transmitter side is constructed with an RFID
driver, an impedance matching circuit, and a primary coil. In con-
trast, the load coil in the wireless control module acts as a receiver
(Fig. 10(c)). The WPT from a transmitting coil commences when
tration of patch on the wrist of a person while asleep; (b) fabricated bioelectronic
(right); (c) illustration of integration components in the bioelectronics; (d) steps



Fig. 10. Fully implantable and soft optoelectronic system for wireless optogenetic modulation. (a) The system encompasses an optoelectronic stimulation and sensing (OESS)
module, low-modulus, stretchable strain gauge (SG), integrated inorganic light emitting diodes (ILEDs), wireless control and power (WCP), and Bluetoothmodule and inductive
power coil for WPT to the optoelectronic system. (b) (i) Fabricated prototype of the system with integrated components; (ii) schematic of system implantation.
(c) Schematic of the implantable WCP module. l-ILEDs: micro inorganic light-emitting diodes. Reproduced from Ref. [29] with the permission of Springer Nature, �2019.
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the receiving coil is impedance-matched at the designed frequency
of 13.56 MHz. It was experimentally demonstrated that the wire-
less charging of the system was completed in 30 s when 4 W of
power was delivered from an external coil. The system is also
capable of transmitting data to an external iPhone operating
system (iOS) device over a Bluetooth connection.

Although inductive links based on (transmitter and implant)
coils are extensively explored for optogenetic devices, they suffer
from several limitations. The inductive power transfer from a
transmitting coil is maximized when it is aligned and coupled with
an implant coil. However, a moving subject can deteriorate the
coupling efficiency, and tracking algorithms are usually deployed
to maintain the performance of a wireless communication link.
There is a report that presents a resonant RF-cavity-based trans-
mitter for WPT to the miniaturized optogenetic device [180]. The
cavity (21 cm in diameter and 15 cm in height) is constructed
using aluminum material and is capable of coupling electromag-
netic energy to the implant at a 1.5 GHz frequency by utilizing
the dielectric properties and physical dimensions of a test subject
(Fig. 11(a)). The implant size is 10–25 mm3 and comprises a power
receiving coil (1.6 mm in diameter), circuit, and a light emitting
diode (LED). The resulting overall weight is only 20–50 mg, making
it convenient for implantation (Fig. 11(b)). A surface lattice of
hexagons (2.5 cm in diameter) is used to couple electromagnetic
energy to the mouse tissue. Beneath the lattice, a cylindrical
waveguide is placed that launches circular-polarized electromag-
netic waves to the mouse. The proposed methodology can readily
Fig. 11. RF-cavity-based optogenetic device. (a) Schematic of the enclosure over the res
using a phase shifter and power divider. (b) Schematic of integrated components of the im
Reproduced from Ref. [180] with the permission of Springer Nature, �2015.
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focus electromagnetic energy around the entire lattice area with
minimum coupling losses due to circular polarization and obviates
tracking algorithms because WPT efficiency is independent of the
mouse orientation in the enclosure. The fabricated wireless
implant and its size comparison is shown in Fig. 11(c).

In the context of multimodal operation in a programmable
implanted optoelectronic device, active components are more
effective for real-time user autonomy over power regulation, posi-
tion, and angle-independent wireless power harvesting. The mag-
netic resonance coupling has demonstrated its potential for RF
power harvesting in an active optoelectronic device, operating at
13.56 MHz [30]. The device encompasses several operational com-
ponents, such as a receiving antenna, single wave rectifier, inte-
grated matching capacitor, linear dropout regulator, and Schottky
diodes with low forward voltage thresholds for rectifying the alter-
nating current (AC) signal received from an external antenna. The
external dual loop primary antenna covers the circumference of a
standard experimental enclosure (30 cm � 30 cm). The proposed
work also demonstrates power transmission in angle-dependent
scenarios using orthogonally polarized magnetic resonant anten-
nas. It facilitates the power transfer capabilities to the subject, irre-
spective of its orientation in the test enclosure.

An interesting design of the wirelessly programmed electronic
system is reported for sustained nonpharmacological and neurore-
generative therapy [155]. The entire system and relevant compo-
nents are fabricated with a wide assortment of biocompatible
and bioresorbable materials. The wireless stimulator comprises
onant cavity. The RF-signal generator is connected with the two ports of the cavity
plant. (c) Fabricated prototype and its size comparison. chR2: channelrhodopsin 2.
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an RF power harvester that has a dual-coil configuration loop
antenna (coil with 34 turns), which is fabricated with �50 lm
thick Mg, used along with a poly (lactic-co-glycolic acid) (PLGA)
dielectric interlayer (Figs. 12(a) and (b)). For rectification of the
received RF power, a diode accompanied with a Mg/SiO2/Mg
capacitor (1050 pF) is fabricated over the circuit. The magnetic
coupling between the implanted electronic system and transmit-
ting antenna is realized at �5 MHz (Fig. 12(c)). The harvester gen-
erates monophasic output of 1 V for �11 Vpp at coupling distance
an 80 mm from the transmitting antenna (Fig. 12(d)). The dissolu-
tion of a bioresorbable wireless stimulator over a period of time is
highlighted in Fig. 12(e).

Devising miniaturized bioelectronics for wireless neural stimu-
lation has always been the major driving force behind neuro-
science research. Most of the aforementioned bioelectronics for
neural stimulation operate at a low frequency and are wirelessly
powered using inductive coil systems. Although magnetic fields
undergo minimal attenuation while propagating through the body
tissues [195], the coil size at a low operating frequency can pose
limitations for miniaturizing the overall implant size. Recently,
Fig. 12. Bioelectronic device for neuroregenerative stimulation. (a) Schematic of the desig
fabricated from 320 nm thick SiNM and 300 nm thick Mg electrode, and Mg/SiO2/Mg ca
antenna. (c) Resonant frequency of the stimulator. (d) Output waveforms (red and blue re
to transmission coil. (e) Images representing dissolution of bioresorbable wireless stim
37 �C. Reproduced from Ref. [155] with the permission of Springer Nature, �2018.
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magnetoelectric materials have been explored for wirelessly pow-
ering a miniature neural stimulator operating at a wide range of
frequencies (Figs. 13(a) and (b)) [196]. These materials are capable
of converting magnetic fields into electric voltages and obviate the
requirements of an antenna and rectifier. A thin layer of magneto-
electric material generates strain on its interaction with applied
magnetic fields owing to the magnetic dipole realignment. It also
strains the piezoelectric layer when generating voltages and turn-
ing on the LED for optogenetic stimulations (Fig. 13(c)).

A thin stretchable antenna integrated in a wireless optogenetic
device has shown potential for wideband RF power harvesting
(Fig. 13(d)) [197]. The device achieves optogenetic modulation of
the spinal cord and peripheral nervous system. To miniaturize
the device, an antenna is fabricated with compact Ti/Au serpentine
electrical interconnects and resonates at 2.35 GHz with over a 200
MHz operational bandwidth. The whole circuit is encapsulated
with a polyimide (PI) and low modulus silicone elastomer
(Fig. 13(e)). The device is excited with at an RF power of �2 W that
is transmitted through the configuration of four external antennas.
The RF harvesting unit comprises a rectifier, voltage multiplier, and
n. The device encompasses a radio power harvester fabricated from a Mg coil, diode
pacitor over the PLGA substrate. (b) Illustration of device integration with receiver
present the stimulator and transmitter, respectively) when AC (sine wave) is applied
ulator associated with immersion in phosphate-buffered saline (PBS) (pH 7.4) at



Fig. 13. (a) Image of the device on a finger; scale bar: 5 mm. (b) Schematic of the device over a freely moving rat. The inset image shows the transfer of strain from the
magnetostrictive layer to the piezoelectric layer for producing voltage across the film. (c) Resonant response of the magnetostrictive layer, representing the maximum
produced voltage at an acoustic resonance of 171 kHz. The inset image shows the fabricated stimulator. The right-side inset shows the calculated stress using COMSOL.
(d) Schematic of integrated components in the system. (e) (i) Fabricated device (0.7 mm in thickness, 3.8 mm in width, and 6 mm in length) over the fingertip and
(ii) its stretchable connection with an LED. PVDF: polyvinylidene fluoride; PZT: lead zirconate titanate. (a)–(c) Reproduced from Ref. [196] with the permission of Elsevier,
�2020; (d) and (e) reproduced from Ref. [197] with the permission of Springer Nature, �2015.
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LEDs (requires 2.7 V to turn on), connected with a stretchable
antenna through serpentine electrical interconnects. Miniaturized
Schottky diodes and a ceramic chip capacitor are integrated within
the rectifier and connected with a voltage multiplier.

In Ref. [181], a wirelessly controlled injectable photometric
probe is presented for continually recording neural dynamics.
The receiving antenna of a probe is wirelessly coupled with an
external primary coil using magnetic resonance and fabricated
with a seven-turn dual-sided copper coil (quality factor of 23.05)
with 100 lm wide traces and 50 lm spacings. It resonates at
13.56 MHz and establishes a wireless communication link with
37
an external antenna that is folded around the experiment enclo-
sure. The incorporation of optogenetics and pharmacology using
an optofluidic device has improved neurochemical signal sensing
and overcomes the limitations associated with conventional physi-
cal tethers. These are inconvenient with respect to insertion into
the brain and unsuitable for experimental paradigms that entail
subject movements. The concept of programmable pharmacology
and optogenetics was recently demonstrated using a soft wireless
microfluidic system and encompasses a magnetic loop antenna to
establish WPT links with an external primary antenna, thus
making the overall system battery-free and miniaturized [198].



A.N. Khan, Y.-O. Cha, H. Giddens et al. Engineering 11 (2022) 27–41
A flexible printed circuit board (PCB) platform was used to assem-
ble an antenna with a rectifier and capacitor to tune the resonant
frequency to 13.56 MHz. The harvested RF power ranges from 11
to 115 mW.
10. Conclusions

Bioelectronics are becoming an increasingly common feature of
consumer and clinical medical devices and have created tremen-
dous interest within the neuroscience research community owing
to their multifunctional capabilities in treating a wide range of ail-
ments. This study reported a comprehensive overview of the recent
advances in bioelectronics that are wirelessly controlled and cur-
rently deployed clinically. The seminal advantages of using wire-
less technology for real-time physiological sensing and dynamic
control of devices without any wires or catheters are elucidated.

The emphasis of this study is on the antenna systems and asso-
ciated electronics for establishing reliable and effective power
transfer capabilities that are conducive to realizing battery-free
and miniaturized devices. The importance of efficient antenna
design and wireless communication protocols is highlighted to
overcome the challenges associated with transferring data to the
external receiver with minimum attenuation through the body tis-
sues. The key features of an antenna, such as its dimensions, oper-
ating frequency, radiation characteristics, and in vivo
measurements, are discussed. Apart from the antenna, other elec-
tronic components, such as a rectifier, power divider, and voltage
regulator, are highlighted to explain the overall wireless operation
process. This review concludes that wireless technology can effec-
tively reduce the size of a bioelectronic device by making it battery
free and can offer promising alternative powering or charging
methods. It is also summarized that coil-shaped antenna systems
are predominantly utilized for bioelectronics owing to their com-
pact designs and ability to couple with external units via magnetic
fields that undergo minimal attenuation through body tissues.

Although bioelectronics have the potential to combat emerging
challenges in healthcare, concerted efforts are required from devel-
opments in soft and biocompatible materials, low-power electron-
ics, antennas, and signal processing to extend their scope. In this
review, we have found that wireless bioelectronics have been
mainly explored for brain implants, and very few reports discuss
their potential use in drug delivery, GI tract monitoring, and car-
diovascular healthcare. Thus, there are still many open opportuni-
ties to enhance bioelectric capabilities with wireless control to
develop future innovations in the therapeutic treatment of differ-
ent organs. This review is completed with the help of NLP-based
survey and explained in details in Appendix A.
Compliance with ethics guidelines

Ahsan Noor Khan, Young-ok Cha, Henry Giddens, and Yang Hao
declare that they have no conflict of interest or financial conflicts to
disclose.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.eng.2021.10.019.

References

[1] Mahmood M, Kwon S, Berkmen GK, Kim YS, Scorr L, Jinnah HA, et al. Soft
nanomembrane sensors and flexible hybrid bioelectronics for wireless
quantification of blepharospasm. IEEE Trans Biomed Eng 2020;67(11):
3094–100.
38
[2] Kwon YT, Kim YS, Kwon S, Mahmood M, Lim HR, Park SW, et al. All-printed
nanomembrane wireless bioelectronics using a biocompatible solderable
graphene formultimodal human–machine interfaces.Nat Commun2020;11(1):
3450.

[3] Lee H, Lee Y, Song C, Cho HR, Ghaffari R, Choi TK, et al. An endoscope with
integrated transparent bioelectronics and theranostic nanoparticles for colon
cancer treatment. Nat Commun 2015;6(1):10059.

[4] Liu Y, Yang T, Zhang Y, Qu G, Wei S, Liu Z, et al. Ultrastretchable and wireless
bioelectronics based on all-hydrogel microfluidics. Adv Mater 2019;31(39):
e1902783.

[5] Shi C, Costa T, Elloian J, Zhang Y, Shepard KL. A 0.065-mm3 monolithically-
integrated ultrasonic wireless sensing mote for real-time physiological
temperature monitoring. IEEE Trans Biomed Circ Sci 2020;14(3):412–24.

[6] Lim HR, Kim HS, Qazi R, Kwon YT, Jeong JW, Yeo WH. Advanced soft materials,
sensor integrations, and applications of wearable flexible hybrid electronics
in healthcare, energy, and environment. Adv Mater 2020;32(15):e1901924.

[7] Choi S, Lee H, Ghaffari R, Hyeon T, Kim DH. Recent advances in flexible and
stretchable bio-electronic devices integrated with nanomaterials. Adv Mater
2016;28(22):4203–18.

[8] Yao G, Yin C, Wang Q, Zhang T, Chen S, Lu C, et al. Flexible bioelectronics for
physiological signals sensing and disease treatment. J Materiomics 2020;6(2):
397–413.

[9] Rangriz F, Khaleghi A, Balasingham I. Wireless link for micro-scale biomedical
implants using magnetoelectric antenna. In: Proceedings of 2020 14th
European Conference on Antennas and Propagation (EuCAP); 2020 Mar 15–
20; Copenhagen, Denmark. New York: IEEE; 2020. p. 1–4.

[10] Taalla RV, Arefin MS, Kaynak A, Kouzani AZ. A review on miniaturized
ultrasonic wireless power transfer to implantable medical devices. IEEE
Access 2019;7:2092–106.

[11] Khan AN, Ermakov A, Sukhorukov G, Hao Y. Radio frequency controlled
wireless drug delivery devices. Appl Phys Rev 2019;6(4):041301.

[12] Koo J, Kim SB, Choi YS, Xie Z, Bandodkar AJ, Khalifeh J, et al. Wirelessly
controlled, bioresorbable drug delivery device with active valves that exploit
electrochemically triggered crevice corrosion. Sci Adv 2020;6(35):
eabb1093.

[13] Lee CY, Hsieh PH, Yang CH. A standard-cell-design-flow compatible energy-
recycling logic with 70% energy saving. IEEE Trans Circuits I: Regular Papers
2016;63(1):70–9.

[14] Chandrakasan AP, Verma N, Daly DC. Ultralow-power electronics for
biomedical applications. Annu Rev Biomed Eng 2008;10(1):247–74.

[15] Hall PS, Hao Y. Antennas and propagation for body centric communications.
In: Proceedings of 2006 First European Conference on Antennas and
Propagation; 2006 Nov 6–10; Nice, France. New York: IEEE; 2006. p. 1–7.

[16] Hao Y, Alomainy A, Zhao Y. Antenna design and propagation measurements
and modelling for UWB wireless BAN. In: Allen B, Dohler M, Okon EE, Dphil
WQM, Brown AK, Edwards DJ, editors. Ultra-wideband antennas and
propagation: for communications, radar and imaging. Wiley Online Library;
2006. p. 331–59.

[17] Hall PS, Hao Y. Antennas and propagation for body-centric wireless
communications. 2nd ed. Boston: Artech house; 2012.

[18] Steiger C, Abramson A, Nadeau P, Chandrakasan AP, Langer R, Traverso G.
Ingestible electronics for diagnostics and therapy. Nat Rev Mater 2019;4(2):
83–98.

[19] Alomainy A, Hao Y, Pasveer F. Modelling and characterisation of a compact
sensor antenna for healthcare applications. In: Leonhardt S, Falck T, Mähönen
P, editors. Proceedings of 4th International Workshop on Wearable and
Implantable Body Sensor Networks (BSN 2007); 2007 Mar 26–28; Aachen,
Germany. Berlin: Springer; 2007. p. 3–8.

[20] Kaim V, Kanaujia BK, Kumar S, Choi HC, Kim KW, Rambabu K. Ultra-miniature
circularly polarized CPW-Fed implantable antenna design and its validation
for biotelemetry applications. Sci Rep 2020;10(1):6795.

[21] Nikolayev D, Zhadobov M, Joseph W, Martens L, Sauleau R. Radiation
performance of highly miniaturized implantable devices. In: Proceedings of
2019 49th European Microwave Conference (EuMC); 2019 Sep 29–Oct 4;
Paris, France. New York: IEEE; 2019. p. 216–9.

[22] Wen D, Hao Y, Wang H, Zhou H. Design of a compact and low-profile
wearable MIMO antenna for wireless personal area networks. In: Proceedings
of 12th European Conferece on Antennas and Propagation (EuCAP 2018);
2018 Apr 9–13; London, UK. Brusselsp: EurAAP; 2018. p. 1–5.

[23] Miah MS, Khan AN, Icheln C, Haneda K, Takizawa KI. Antenna system design
for improved wireless capsule endoscope links at 433 MHz. IEEE Trans
Antenn Propag 2019;67(4):2687–99.

[24] Wen D, Hao Y, Munoz MO, Wang H, Zhou H. A compact and lowprofile MIMO
antenna using a miniature circular high-impedance surface for wearable
applications. IEEE Trans Antenn Propag 2018;66(1):96–104.

[25] Bhattacharjee S, Maity S, Metya SK, Bhunia CT. Performance enhancement of
implantable medical antenna using differential feed technique. Eng Sci
Technol 2016;19(1):642–50.

[26] Machnoor M, Paknahad J, Stang J, Lazzi G. Wireless telemetry system with
independent power and data frequency resonance. IEEE Antennas Wirel
Propag Lett 2020;19(4):690–4.

[27] Islam MN, Yuce MR. Review of medical implant communication system
(MICS) band and network. ICT Express 2016;2(4):188–94.

[28] Lin R, Kim HJ, Achavananthadith S, Kurt SA, Tan SCC, Yao H, et al. Wireless
battery-free body sensor networks using near-field-enabled clothing. Nat
Commun 2020;11(1):444.

https://doi.org/10.1016/j.eng.2021.10.019
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0005
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0010
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0010
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0010
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0010
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0015
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0020
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0020
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0020
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0025
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0030
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0030
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0030
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0035
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0035
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0035
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0040
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0040
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0040
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0045
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0045
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0045
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0045
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0050
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0050
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0050
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0055
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0055
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0060
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0060
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0060
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0060
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0065
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0065
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0065
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0070
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0070
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0075
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0075
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0075
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0080
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0085
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0085
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0090
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0090
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0090
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0095
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0100
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0100
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0100
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0105
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0110
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0110
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0110
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0110
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0115
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0115
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0115
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0120
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0120
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0120
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0125
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0125
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0125
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0130
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0130
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0130
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0135
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0135
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0140
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0140
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0140


A.N. Khan, Y.-O. Cha, H. Giddens et al. Engineering 11 (2022) 27–41
[29] Mickle AD, Won SM, Noh KN, Yoon J, Meacham KW, Xue Y, et al. A wireless
closed-loop system for optogenetic peripheral neuromodulation. Nature
2019;565(7739):361–5.

[30] Gutruf P, Krishnamurthi V, Vázquez-Guardado A, Xie Z, Banks A, Su CJ, et al.
Fully implantable optoelectronic systems for battery-free, multimodal
operation in neuroscience research. Nat Electron 2018;1(12):652–60.

[31] Fan X, Shangguan L, Howard R, Zhang Y, Peng Y, Xiong J, et al. Towards
flexible wireless charging for medical implants using distributed antenna
system. In: Proceedings of the 26th Annual International Conference on
Mobile Computing and Networking; 2020 Sep 21–25; London, UK. New
York: Association for Computing Machinery; 2020. p. 1–15.

[32] Zhang Y, Huo Z, Wang X, Han X, WuW,Wan B, et al. High precision epidermal
radio frequency antenna via nanofiber network for wireless stretchable
multifunction electronics. Nat Commun 2020;11(1):5629.

[33] Xu S, Hansen BJ, Wang ZL. Piezoelectric-nanowire-enabled power source for
driving wireless microelectronics. Nat Commun 2010;1(1):93.

[34] Dagdeviren C, Yang BD, Su Y, Tran PL, Joe P, Anderson E, et al. Conformal
piezoelectric energy harvesting and storage from motions of the heart, lung,
and diaphragm. Proc Natl Acad Sci USA 2014;111(5):1927–32.

[35] Hochbaum AI, Chen R, Delgado RD, Liang W, Garnett EC, Najarian M, et al.
Enhanced thermoelectric performance of rough silicon nanowires. Nature
2008;451(7175):163–7.

[36] Mercier PP, Lysaght AC, Bandyopadhyay S, Chandrakasan AP, Stankovic KM.
Energy extraction from the biologic battery in the inner ear. Nat Biotechnol
2012;30(12):1240–3.

[37] Ma A, Poon ASY. Midfield wireless power transfer for bioelectronics. IEEE
Circuits Syst Mag 2015;15(2):54–60.

[38] Dautov K, Hashmi M, Nauryzbayev G, Nasimuddin N. Recent advancements in
defected ground structure-based near-field wireless power transfer systems.
IEEE Access 2020;8:81298–309.

[39] Miller L, Farajidavar A, Vegesna A. Use of bioelectronics in the gastrointestinal
tract. Cold Spring Harb Perspect Med 2019;9(9):a034165.

[40] Kong YL, Zou X, McCandler CA, Kirtane AR, Ning S, Zhou J, et al. 3D-printed
gastric resident electronics. Adv Mater Technol 2019;4(3):1800490.

[41] Mimee M, Nadeau P, Hayward A, Carim S, Flanagan S, Jerger L, et al. An
ingestible bacterial-electronic system to monitor gastrointestinal health.
Science 2018;360(6391):915–8.

[42] Liu X, Steiger C, Lin S, Parada GA, Liu J, Chan HF, et al. Ingestible hydrogel
device. Nat Commun 2019;10(1):1–10.

[43] Dey N, Ashour AS, Shi F, Sherratt RS. Wireless capsule gastrointestinal
endoscopy: direction-of-arrival estimation based localization survey. IEEE
Rev Biomed Eng 2017;10:2–11.

[44] Faerber J, Gregson R, Clutton RE, Khan SR, Cochran S, Desmulliez MPY, et al. In
vivo characterization of a wireless telemetry module for a capsule endoscopy
system utilizing a conformal antenna. IEEE Trans Biomed Circ Sci 2018;12(1):
95–105.

[45] Wang J, Leach M, Lim EG, Wang Z, Pei R, Huang Y. An implantable and
conformal antenna for wireless capsule endoscopy. IEEE Antennas Wirel
Propag Lett 2018;17(7):1153–7.

[46] Zhu C, Hong L, Yang H, Sengupta K. Ingestible bioelectronics: a packaged, bio-
molecular, fluorescence-based sensor array with ultralow-power wireless
interface. In: Proceedings of 2019 IEEE MTT-S International Microwave
Symposium (IMS); 2019 Jun 2–7; Boston, MA, USA. New York: IEEE; 2019. p.
212–5.

[47] Muhammad K, Khan S, Kumar N, Del Ser J, Mirjalili S. Vision-based
personalized wireless capsule endoscopy for smart healthcare: taxonomy,
literature review, opportunities and challenges. Future Gener Comput Syst
2020;113:266–80.

[48] Alsunaydih FN, Arefin MS, Redoute JM, Yuce MR. A navigation and pressure
monitoring system toward autonomous wireless capsule endoscopy. IEEE
Sens J 2020;20(14):8098–107.

[49] Kalantar-zadeh K,HaN, Ou JZ, Berean KJ. Ingestible sensors. ACS Sens 2017;2(4):
468–83.

[50] Bettinger CJ. Advances in materials and structures for ingestible
electromechanical medical devices. Angew Chem Int Ed Engl 2018;57(52):
16946–58.

[51] Cao H, Rao S, Tang SJ, Tibbals HF, Spechler S, Chiao JC. Batteryless implantable
dual-sensor capsule for esophageal reflux monitoring. Gastrointest Endosc
2013;77(4):649–53.

[52] Shao G, Guo YX. Hybrid wireless positioning and charging with switched field
helmholtz coils for wireless capsule endoscopy. IEEE Trans Microw Theory
Technol 2020;68(3):904–13.

[53] Leung BHK, Poon CCY, Zhang R, Zheng Y, Chan CKW, Chiu PWY, et al. A
therapeutic wireless capsule for treatment of gastrointestinal haemorrhage
by balloon tamponade effect. IEEE Trans Biomed Eng 2017;64(5):1106–14.

[54] Sarestoniemi M, Pomalaza-Raez C, Kissi C, Berg M, Hamalainen M, Iinatti J.
WBAN channel characteristics between capsule endoscope and receiving
directive UWB on-body antennas. IEEE Access 2020;8:55953–68.

[55] Lo YK, Wang PM, Dubrovsky G, Wu MD, Chan M, Dunn J, et al. A wireless
implant for gastrointestinal motility disorders. Micromachines 2018;9(1):17.

[56] Biswas B, Karmakar A, Chandra V. Miniaturised wideband ingestible antenna
for wireless capsule endoscopy. IET Microw Antennas Propag 2020;14(4):
293–301.

[57] Neebha TM, Andrushia AD, Durga S. A state-of-art review on antenna designs
for ingestible application. Electromagn Biol Med 2020;39(4):387–402.
39
[58] Beardslee LA, Banis GE, Chu S, Liu S, Chapin AA, Stine JM, et al. Ingestible
sensors and sensing systems for minimally invasive diagnosis and
monitoring: the next frontier in minimally invasive screening. ACS Sens
2020;5(4):891–910.

[59] Lai J, Wang J, Zhao K, Jiang H, Chen L, Wu Z, et al. Design of a dual-polarized
omnidirectional dielectric resonator antenna for capsule endoscopy system.
IEEE Access 2021;9:14779–86.

[60] Basir A, Zada M, Cho Y, Yoo H. A dual-circular-polarized endoscopic antenna
with wideband characteristics and wireless biotelemetric link
characterization. IEEE Trans Antenn Propag 2020;68(10):6953–63.

[61] Duan Z, Xu H, Gao SS, Geyi W. A circularly polarized omnidirectional antenna
for wireless capsule endoscope system. IEEE Trans Antenn Propag 2021;69(4):
1896–907.

[62] Bao Z, Guo YX. Novel miniaturized antenna with a highly tunable complex
input impedance for capsules. IEEE Trans Antenn Propag 2021;69(6):
3106–14.

[63] Christoe MJ, Phaoseree N, Han J, Michael A, Atakaramians S, Kalantar-Zadeh
K. Meandering pattern 433 MHz antennas for ingestible capsules. IEEE Access
2021;9:91874–82.

[64] KimK, Yun S, Lee S, NamS, YoonYJ, Cheon C. A design of a high-speed and high-
efficiency capsule endoscopy system. IEEE Trans Biomed Eng 2012;59(4):
1005–11.

[65] Barbi M, Garcia-Pardo C, Nevarez A, Pons Beltran V, Cardona N. UWB RSS-
based localization for capsule endoscopy using a multilayer phantom and
in vivo measurements. IEEE Trans Antenn Propag 2019;67(8):5035–43.

[66] Bettinger CJ. Materials advances for next-generation ingestible electronic
medical devices. Trends Biotechnol 2015;33(10):575–85.

[67] Hwang GT, Im D, Lee SE, Lee J, Koo M, Park SY, et al. In vivo silicon-based
flexible radio frequency integrated circuits monolithically encapsulated with
biocompatible liquid crystal polymers. ACS Nano 2013;7(5):4545–53.

[68] Arefin MS, Redoute JM, Yuce MR. Integration of low-power ASIC and MEMS
sensors for monitoring gastrointestinal tract using a wireless capsule system.
IEEE J Biomed Health Inform 2018;22(1):87–97.

[69] Nadeau P, El-Damak D, Glettig D, Kong YL, Mo S, Cleveland C, et al. Prolonged
energy harvesting for ingestible devices. Nat Biomed Eng 2017;1(3):
1–8.

[70] Xu F, Zhang H, Jin L, Li Y, Li J, Gan G, et al. Controllably degradable transient
electronic antennas based on watersoluble PVA/TiO2 films. J Mater Sci
2018;53(4):2638–47.

[71] Inui T, Koga H, Nogi M, Komoda N, Suganuma K. A miniaturized flexible
antenna printed on a high dielectric constant nanopaper composite. Adv
Mater 2015;27(6):1112–6.

[72] Song M, Ding M, Tiurin E, Xu K, Allebes E, Singh G, et al. A millimeter-scale
crystal-less mics transceiver for insertable smart pills. IEEE Trans Biomed Circ
Sci 2020;14(6):1218–29.

[73] Lei W, Guo YX. Design of a dual-polarized wideband conformal loop antenna
for capsule endoscopy systems. IEEE Trans Antenn Propag 2018;66(11):
5706–15.

[74] Basar MR, Ahmad MY, Cho J, Ibrahim F. An improved resonant wireless power
transfer system with optimum coil configuration for capsule endoscopy. Sens
Actuator A Phys 2016;249:207–16.

[75] Abid A, O’Brien JM, Bensel T, Cleveland C, Booth L, Smith BR, et al. Wireless
power transfer to millimeter-sized gastrointestinal electronics validated in a
swine model. Sci Rep 2017;7(1):46745.

[76] Mills JO, Jalil A, Stanga PE. Electronic retinal implants and artificial vision:
journey and present. Eye 2017;31(10):1383–98.

[77] Bahrami S, Moloudian G, Miri-Rostami SR, Bjorninen T. Compact microstrip
antennas with enhanced bandwidth for the implanted and external
subsystems of a wireless retinal prosthesis. IEEE Trans Antenn Propag
2021;69(5):2969–74.

[78] Jeong J, Bae SH, Min KS, Seo JM, Chung H, KIM SJ. A miniaturized, eye-
conformable, and long-term reliable retinal prosthesis using monolithic
fabrication of liquid crystal polymer (LCP). IEEE Trans Biomed Eng 2015;62(3):
982–9.

[79] Ahnood A, Cheriton R, Bruneau A, Belcourt JA, Ndabakuranye JP, Lemaire W,
et al. Laser driven miniature diamond implant for wireless retinal prostheses.
Adv Biosyst 2020;4(11):e2000055.

[80] Weiland JD, Liu W, Humayun MS. Retinal prosthesis. Annu Rev Biomed Eng
2005;7(1):361–401.

[81] Ng DC, Bai S, Yang J, Tran N, Skafidas E. Wireless technologies for closed-loop
retinal prostheses. J Neural Eng 2009;6(6):065004.

[82] Liu H, Zhao T, Jiang W, Jia R, Niu D, Qiu G, et al. Flexible battery-less
bioelectronic implants: wireless powering and manipulation by near-infrared
light. Adv Funct Mater 2015;25(45):7071–9.

[83] Fallegger F, Schiavone G, Lacour SP. Conformable hybrid systems for
implantable bioelectronic interfaces. Adv Mater 2020;32(15):e1903904.

[84] Theogarajan LS. A low-power fully implantable 15-channel retinal stimulator
chip. IEEE J Solid-Stat Circ 2008;43(10):2322–37.

[85] Shire DB, Kelly SK, Chen J, Doyle P, Gingerich MD, Cogan SF, et al.
Development and implantation of a minimally invasive wireless subretinal
neurostimulator. IEEE Trans Biomed Eng 2009;56(10):2502–11.

[86] Yang Z, Liu W, Basham E. Inductor modeling in wireless links for implantable
electronics. IEEE Trans Magn 2007;43(10):3851–60.

[87] Wu L, Yang Z, Basham E, Liu W. An efficient wireless power link for high
voltage retinal implant. In: Proceedings of 2008 IEEE Biomedical Circuits and

http://refhub.elsevier.com/S2095-8099(22)00004-2/h0145
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0145
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0145
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0150
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0150
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0150
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0155
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0155
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0155
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0155
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0155
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0160
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0160
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0160
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0165
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0165
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0170
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0170
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0170
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0175
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0175
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0175
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0180
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0180
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0180
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0185
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0185
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0190
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0190
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0190
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0195
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0195
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0200
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0200
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0200
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0205
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0205
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0205
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0210
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0210
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0215
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0215
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0215
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0220
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0220
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0220
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0220
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0225
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0225
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0225
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0230
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0230
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0230
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0230
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0230
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0235
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0235
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0235
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0235
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0240
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0240
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0240
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0245
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0245
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0250
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0250
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0250
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0255
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0255
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0255
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0260
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0260
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0260
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0265
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0265
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0265
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0270
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0270
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0270
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0275
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0275
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0280
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0280
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0280
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0285
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0285
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0290
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0290
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0290
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0290
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0295
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0295
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0295
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0300
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0300
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0300
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0305
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0305
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0305
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0310
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0310
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0310
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0315
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0315
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0315
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0320
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0320
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0320
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0325
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0325
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0325
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0330
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0330
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0335
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0335
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0335
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0340
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0340
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0340
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0345
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0345
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0345
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0350
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0350
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0350
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0350
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0355
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0355
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0355
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0360
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0360
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0360
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0365
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0365
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0365
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0370
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0370
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0370
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0375
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0375
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0375
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0380
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0380
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0385
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0385
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0385
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0385
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0390
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0390
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0390
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0390
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0395
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0395
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0395
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0400
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0400
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0405
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0405
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0410
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0410
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0410
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0415
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0415
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0420
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0420
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0425
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0425
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0425
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0430
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0430
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0435
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0435


A.N. Khan, Y.-O. Cha, H. Giddens et al. Engineering 11 (2022) 27–41
Systems Conference; 2008 Nov 20–22; Baltimore, MD, USA. New York: IEEE;
2008. p. 101–4.

[88] Walter P, Kisvárday ZF, Görtz M, Alteheld N, Rossler G, Stieglitz T, et al.
Cortical activation via an implanted wireless retinal prosthesis. Invest
Ophthalmol Vis Sci 2005;46(5):1780–5.

[89] Bloch E, Luo Y, da Cruz L. Advances in retinal prosthesis systems. Ther Adv
Ophthalmol 2019;11:251584141881750.

[90] Kaim V, Kanaujia BK, Rambabu K. Design of a miniaturised broadband 3 � 3
mm antenna for intraocular retinal prosthesis application. Electron Lett
2018;54(20):1150–2.

[91] Gosalia K, Humayun MS, Lazzi G. Impedance matching and implementation
of planar space-filling dipoles as intraocular implanted antennas in a retinal
prosthesis. IEEE Trans Antenn Propag 2005;53(8):2365–73.

[92] Soora S, Gosalia K, Humayun MS, Lazzi G. A comparison of two and three
dimensional dipole antennas for an implantable retinal prosthesis. IEEE Trans
Antenn Propag 2008;56(3):622–9.

[93] Stronks HC, Dagnelie G. The functional performance of the Argus II retinal
prosthesis. Expert Rev Med Devices 2014;11(1):23–30.

[94] da Cruz L, Coley BF, Dorn J, Merlini F, Filley E, Christopher P, et al. The Argus II
epiretinal prosthesis system allows letter and word reading and long-term
function in patients with profound vision loss. Br J Ophthalmol 2013;97(5):
632–6.

[95] Kelly SK, Shire DB, Chen J, Doyle P, Gingerich MD, Cogan SF, et al. A hermetic
wireless subretinal neurostimulator for vision prostheses. IEEE Trans Biomed
Eng 2011;58(11):3197–205.

[96] Paun MA, Paun VA. High-frequency 3-D model for the study of antennas in
cochlear implants. IEEE Trans Compon Packaging Manuf Technol 2018;8(7):
1135–40.

[97] Mehrkian S, Bayat Z, Javanbakht M, Emamdjomeh H, Bakhshi E. Effect of
wireless remote microphone application on speech discrimination in noise in
children with cochlear implants. Int J Pediatr Otorhinolaryngol
2019;125:192–5.

[98] Loizou PC. Mimicking the human ear. IEEE Signal Process Mag 1998;15(5):
101–30.

[99] Agarwal K, Jegadeesan R, Guo YX, Thakor NV. Wireless power transfer
strategies for implantable bioelectronics. IEEE Rev Biomed Eng
2017;10:136–61.

[100] Zeng FG, Rebscher S, Harrison W, Sun X, Feng H. Cochlear implants: system
design, integration, and evaluation. IEEE Rev Biomed Eng 2008;1:115–42.

[101] Qian XH, Lee YC, Chang JH, Lin ST, Li SH, Wu TC, et al. Design and in vivo
verification of a CMOS bone-guided cochlear implant microsystem. IEEE
Trans Biomed Eng 2019;66(11):3156–67.

[102] Hong S, Jeong S, Lee S, Sim B, Kim H, Kim J. Low EMF design of cochlear
implant wireless power transfer system using a shielding coil. In:
Proceedings of 2020 IEEE International Symposium on Electromagnetic
Compatibility & Signal/Power Integrity (EMCSI); 2020 Jul 28–Aug 28; Reno,
NV, USA. New York: IEEE; 2020. p. 623–5.

[103] Buchegger T, Oßberger G, Reisenzahn A, Hochmair E, Stelzer A, Springer A.
Ultra-wideband transceivers for cochlear implants. EURASIP J Adv Signal
Process 2005;18:3069–75.

[104] Vorobyov A, Hennemann C, Vasylchenko A, Decotignie JD, Baumgartner J.
Folded loop antenna as a promising solution for a cochlear implant. In:
Proceedings of the 8th European Conference on Antennas and Propagation
(EuCAP 2014); 2014 Apr 6–11; The Hague, Netherlands. New York: IEEE;
2014. p. 1735–8.

[105] Mattoso R, Novotny AA. Pointwise antennas design in hyperthermia therapy.
Appl Math Model 2021;89(1):89–104.

[106] Chen G, Stang J, Haynes M, Leuthardt E, Moghaddam M. Real-time three-
dimensional microwave monitoring of interstitial thermal therapy. IEEE
Trans Biomed Eng 2018;65(3):528–38.

[107] Choi WC, Lim S, Yoon YJ. Design of noninvasive hyperthermia system using
transmit-array lens antenna configuration. IEEE Antennas Wirel Propag Lett
2016;15:857–60.

[108] Bucci OM, Crocco L, Scapaticci R, Bellizzi G. On the design of phased arrays for
medical applications. Proc IEEE 2016;104(3):633–48.

[109] Cho YK, Rhim H, Noh S. Radiofrequency ablation versus surgical resection as
primary treatment of hepatocellular carcinoma meeting the Milan criteria: a
systematic review. J Gastroenterol Hepatol 2011;26(9):1354–60.

[110] Wust P, Hildebrandt B, Sreenivasa G, Rau B, Gellermann J, Riess H, et al.
Hyperthermia in combined treatment of cancer. Lancet Oncol 2002;3(8):
487–97.

[111] Nguyen PT, Abbosh AM, Crozier S. 3-D focused microwave hyperthermia for
breast cancer treatment with experimental validation. IEEE Trans Antenn
Propag 2017;65(7):3489–500.

[112] Yi Y, Chen J, Selvaraj M, Hsiang Y, Takahata K. Wireless hyperthermia stent
system for restenosis treatment and testing with swine model. IEEE Trans
Biomed Eng 2020;67(4):1097–104.

[113] Luo Y, Dahmardeh M, Chen X, Takahata K. A resonant-heating stent for
wireless endohyperthermia treatment of restenosis. Sens Actuators A Phys
2015;236:323–33.

[114] Son D, Lee J, Lee DJ, Ghaffari R, Yun S, Kim SJ, et al. Bioresorbable electronic
stent integrated with therapeutic nanoparticles for endovascular diseases.
ACS Nano 2015;9(6):5937–46.

[115] Luo Y, Chen X, Dahmardeh M, Takahata K. RF-powered stent with integrated
circuit breaker for safeguarded wireless hyperthermia treatment. J
Microelectromech Syst 2015;24(5):1293–302.
40
[116] Cai M, Takahata K, Mirabbasi S. A low-voltage low-power implantable
telemonitoring system with application to endo-hyperthermia treatment of
in-stent restenosis. In: Proceedings of 2020 18th IEEE International New
Circuits and Systems Conference (NEWCAS); 2020 Jun 16–19; Montreal, QC,
Canada. New York: IEEE; 2020. p. 331–4.

[117] Lazarus A. Remote, wireless, ambulatory monitoring of implantable
pacemakers, cardioverter defibrillators, and cardiac resynchronization
therapy systems: analysis of a worldwide database. Pacing Clin
Electrophysiol 2007;30(s1):S2–12.

[118] Kakria P, Tripathi NK, Kitipawang P. A real-time health monitoring system for
remote cardiac patients using smartphone and wearable sensors. Int J
Telemed Appl 2015;2015:373474.

[119] Hong YJ, Jeong H, Cho KW, Lu N, Kim DH. Wearable and implantable devices
for cardiovascular healthcare: from monitoring to therapy based on flexible
and stretchable electronics. Adv Funct Mater 2019;29(19):1808247.

[120] Alghrairi M, Sulaiman N, Mutashar S. Health care monitoring and treatment
for coronary artery diseases: challenges and issues. Sensors 2020;20(15):
4303.

[121] Lee SP, Ha G, Wright DE, Ma Y, Sen-Gupta E, Haubrich NR, et al. Highly
flexible, wearable, and disposable cardiac biosensors for remote and
ambulatory monitoring. NPJ Digit Med 2018;1(1):2.

[122] Ren H, Jin H, Chen C, Ghayvat H, Chen W. A novel cardiac auscultation
monitoring system based on wireless sensing for healthcare. IEEE J Transl Eng
Health Med 2018;6:1–12.

[123] Wang C, Qin Y, Jin H, Kim I, Granados Vergara JD, Dong C, et al. A low power
cardiovascular healthcare system with cross-layer optimization from sensing
patch to cloud platform. IEEE Trans Biomed Circuits Syst 2019;13(2):314–29.

[124] Wang TW, Chu HW, Chen WX, Shih YT, Hsu PC, Cheng HM, et al. Single-
channel impedance plethysmography neck patch device for unobtrusive
wearable cardiovascular monitoring. IEEE Access 2020;8:184909–19.

[125] Lin CT, Chang KC, Lin CL, Chiang CC, Lu SW, Chang SS, et al. An intelligent
telecardiology system using a wearable and wireless ECG to detect atrial
fibrillation. IEEE Trans Inf Technol Biomed 2010;14(3):726–33.

[126] Tseng KC, Lin BS, Liao LD, Wang YT, Wang YL. Development of a wearable
mobile electrocardiogram monitoring system by using novel dry foam
electrodes. IEEE Syst J 2014;8(3):900–6.

[127] Huang A, Chen C, Bian K, Duan X, Chen M, Gao H, et al. WE-CARE: an
intelligent mobile telecardiology system to enable mHealth applications.
IEEE J Biomed Health Inform 2014;18(2):693–702.

[128] Halperin D, Heydt-Benjamin TS, Ransford B, Clark SS, Defend B, Morgan W,
et al. Pacemakers and implantable cardiac defibrillators: software radio
attacks and zero-power defenses. In: Proceedings of 2008 IEEE Symposium
on Security and Privacy (sp 2008); 2008 May 18–22; Oakland, CA, USA. New
York: IEEE; 2008. p. 129–42.

[129] Lee SY, Su YC, Liang MC, Hong JH, Hsieh CH, Yang CM, et al. A programmable
implantable micro-stimulator SOC with wireless telemetry: application in
closed-loop endocardial stimulation for cardiac pacemaker. In: Proceedings
of 2011 IEEE International Solid-State Circuits Conference; 2011 Feb 20–24;
San Francisco, CA, USA. New York: IEEE; 2011. p. 44–5.

[130] Gutruf P, Yin RT, Lee KB, Ausra J, Brennan JA, Qiao Y, et al. Wireless, battery-
free, fully implantable multimodal and multisite pacemakers for applications
in small animal models. Nat Commun 2019;10(1):5742.

[131] Liu C, Jiang C, Song J, Chau KT. An effective sandwiched wireless power
transfer system for charging implantable cardiac pacemaker. IEEE Trans Ind
Electron 2019;66(5):4108–17.

[132] Campi T, Cruciani S, Palandrani F, De Santis V, Hirata A, Feliziani M. Wireless
power transfer charging system for aimds and pacemakers. IEEE Trans
Microw Theory Technol 2016;64(2):633–42.

[133] Xiao C, Wei K, Cheng D, Liu Y. Wireless charging system considering eddy
current in cardiac pacemaker shell: theoretical modeling, experiments, and
safety simulations. IEEE Trans Ind Electron 2017;64(5):3978–88.

[134] Abiri P, Abiri A, Packard RRS, Ding Y, Yousefi A, Ma J, et al. Inductively
powered wireless pacing via a miniature pacemaker and remote stimulation
control system. Sci Rep 2017;7(1):6180.

[135] Xiao C, Cheng D, Wei K. An LCC-C compensated wireless charging system for
implantable cardiac pacemakers: theory, experiment, and safety evaluation.
IEEE Trans Power Electron 2018;33(6):4894–905.

[136] Fontana N, Monorchio A, Torrico MOM, Hao Y. A numerical assesment of the
effect of MRI surface coils on implanted pacemakers. In: Proceedings of the
2012 IEEE International Symposium on Antennas and Propagation; 2012 Jul
8–14; Chicago, IL, USA. New York: IEEE; 2012. p. 1–2.

[137] Cruciani S, Campi T, Maradei F, Feliziani M. Numerical simulation of wireless
power transfer system to recharge the battery of an implanted cardiac
pacemaker. In: Proceedings of 2014 International Symposium on
Electromagnetic Compatibility; 2014 Sep 1–4; Gothenburg, Sweden. New
York: IEEE; 2014. p. 44–7.

[138] Vulfin V, Sayfan-Altman S, Ianconescu R. Wireless power transfer for a
pacemaker application. J Med Eng Technol 2017;41(4):325–32.

[139] Asif SM, Iftikhar A, Hansen JW, Khan MS, Ewert DL, Braaten BD. A novel RF-
powered wireless pacing via a rectenna-based pacemaker and a wearable
transmit-antenna array. IEEE Access 2019;7:1139–48.

[140] Fujimoto K, James JR. Mobile antenna systems handbook. 3rd
ed. Boston: Artech house; 2008.

[141] Asif SM, Hansen J, Khan MS, Walden SD, Jensen MO, Braaten BD, et al. Design
and in vivo test of a batteryless and fully wireless implantable asynchronous
pacing system. IEEE Trans Biomed Eng 2016;63(5):1070–81.

http://refhub.elsevier.com/S2095-8099(22)00004-2/h0435
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0435
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0440
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0440
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0440
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0445
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0445
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0450
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0450
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0450
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0450
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0455
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0455
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0455
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0460
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0460
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0460
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0465
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0465
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0470
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0470
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0470
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0470
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0475
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0475
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0475
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0480
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0480
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0480
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0485
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0485
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0485
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0485
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0490
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0490
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0495
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0495
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0495
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0500
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0500
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0505
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0505
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0505
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0510
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0510
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0510
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0510
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0510
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0515
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0515
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0515
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0525
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0525
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0530
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0530
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0530
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0535
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0535
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0535
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0540
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0540
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0545
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0545
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0545
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0550
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0550
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0550
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0555
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0555
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0555
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0560
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0560
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0560
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0565
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0565
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0565
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0570
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0570
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0570
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0575
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0575
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0575
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0580
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0580
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0580
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0580
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0580
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0585
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0585
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0585
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0585
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0590
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0590
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0590
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0595
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0595
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0595
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0600
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0600
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0600
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0605
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0605
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0605
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0610
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0610
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0610
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0615
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0615
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0615
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0620
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0620
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0620
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0625
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0625
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0625
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0630
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0630
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0630
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0635
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0635
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0635
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0640
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0640
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0640
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0640
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0640
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0645
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0645
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0645
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0645
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0645
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0650
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0650
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0650
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0655
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0655
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0655
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0660
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0660
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0660
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0665
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0665
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0665
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0670
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0670
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0670
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0675
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0675
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0675
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0680
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0680
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0680
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0680
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0685
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0685
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0685
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0685
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0685
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0690
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0690
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0695
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0695
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0695
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0700
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0700
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0705
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0705
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0705


A.N. Khan, Y.-O. Cha, H. Giddens et al. Engineering 11 (2022) 27–41
[142] Amundson MD, Von Arx JA, Linder WJ, Rawat P, Mass WR, inventors; Cardiac
Pacemakers, Inc., assignee. Circumferential antenna for an implantable
medical device. United States patent US 6456256. 2002 Sep 24.

[143] Cao Z, Chen P, Ma Z, Li S, Gao X, Wu RX, et al. Near-field communication
sensors. Sensors 2019;19(18):3947.

[144] Lee S, Seo W, Ito K, Choi J. Design of an implanted compact antenna for an
artificial cardiac pacemaker system. IEICE Electron Express 2011;8(24):
2112–7.

[145] Furse C. Design an antenna for pacemaker communication. Microw RF
2000;39(3):73.

[146] Zhang H, Jackson JK, Chiao M. Microfabricated drug delivery devices:
design, fabrication, and applications. Adv Funct Mater 2017;27(45):1703606.

[147] Din F, Aman W, Ullah I, Qureshi OS, Mustapha O, Shafique S, et al. Effective
use of nanocarriers as drug delivery systems for the treatment of selected
tumors. Int J Nanomed 2017;12:7291–309.

[148] Nafea M, Nawabjan A, Ali MS. A wirelessly-controlled piezoelectric
microvalve for regulated drug delivery. Sens Actuators A Phys
2018;279:191–203.

[149] Ali MS, Takahata K. Wireless microfluidic control with integrated shape-
memory-alloy actuators operated by field frequency modulation. J
Micromech Microeng 2011;21(7):075005.

[150] Gao W, Li J, Cirillo J, Borgens R, Cho Y. Action at a distance: functional drug
delivery using electromagnetic-field-responsive polypyrrole nanowires.
Langmuir 2014;30(26):7778–88.

[151] Yi Y, Kosel J. A remotely operated drug delivery system with dose control.
Sens Actuators A Phys 2017;261:177–83.

[152] Li PY, Givrad TK, Sheybani R, Holschneider DP, Maarek JM, Meng E. A low
power, on demand electrothermal valve for wireless drug delivery
applications. Lab Chip 2010;10(1):101–10.

[153] Reddy MA, Pradhan BK, Qureshi D, Pal SK, Pal K. Internet-of-Things-enabled
dual-channel iontophoretic drug delivery system for elderly patient
medication management. J Med Device 2020;14(1):011104.

[154] Khan AN, Wen D, Liu Y, Sukhorukov G, Hao Y. An ultrawideband conformal
antenna for implantable drug delivery device. In: Proceedings of 2020 14th
European Conference on Antennas and Propagation (EuCAP); 2020 Mar
15–20; Copenhagen, Denmark. New York: IEEE; 2020. p. 1–3.

[155] Koo J, MacEwan MR, Kang SK, Won SM, Stephen M, Gamble P, et al. Wireless
bioresorbable electronic system enables sustained nonpharmacological
neuroregenerative therapy. Nat Med 2018;24(12):1830–6.

[156] Prescott JH, Lipka S, Baldwin S, Sheppard NF, Maloney JM, Coppeta J, et al.
Chronic, programmed polypeptide delivery from an implanted,
multireservoir microchip device. Nat Biotechnol 2006;24(4):437–8.

[157] Liu J, Liu Z, Li X, Zhu L, Xu G, Chen Z, et al. Wireless, battery-free and wearable
device for electrically controlled drug delivery: sodium salicylate released
from bilayer polypyrrole by near-field communication on smartphone.
Biomed Microdevices 2020;22(3):53.

[158] Prausnitz MR, Langer R. Transdermal drug delivery. Nat Biotechnol 2008;26(11):
1261–8.

[159] Patel D, Chaudhary SA, Parmar B, Bhura N. Transdermal drug delivery system:
a review. Pharma Innov 2012;1(4):66–75.

[160] Löffler S, Melican K, Nilsson KPR, Richter-Dahlfors A. Organic bioelectronics in
medicine. J Intern Med 2017;282(1):24–36.

[161] Simon DT, Gabrielsson EO, Tybrandt K, Berggren M. Organic bioelectronics:
bridging the signaling gap between biology and technology. Chem Rev
2016;116(21):13009–41.

[162] Boehler C, Aqrawe Z, Asplund M. Applications of PEDOT in bioelectronic
medicine. Bioelectron Med 2019;2(2):89–99.

[163] Chapman CAR, Cuttaz EA, Goding JA, Green RA. Actively controlled local drug
delivery using conductive polymer-baseddevices. Appl Phys Lett 2020;116(1):
010501.

[164] Kim H, Kwon S, Kwon YT, Yeo WH. Soft wireless bioelectronics and
differential electrodermal activity for home sleep monitoring. Sensors
2021;21(2):354.

[165] Rwei AY, Lu W, Wu C, Human K, Suen E, Franklin D, et al. A wireless, skin-
interfaced biosensor for cerebral hemodynamic monitoring in pediatric care.
Proc Natl Acad Sci USA 2020;117(50):31674–84.

[166] Gao Y, Yu L, Yeo JC, Lim CT. Flexible hybrid sensors for health monitoring:
materials and mechanisms to render wearability. Adv Mater 2020;32(15):
1902133.

[167] Zheng Q, Zhang H, Shi B, Xue X, Liu Z, Jin Y, et al. In vivo self-powered wireless
cardiac monitoring via implantable triboelectric nanogenerator. ACS Nano
2016;10(7):6510–8.

[168] Ma Y, Zheng Q, Liu Y, Shi B, Xue X, Ji W, et al. Self-powered, one-stop, and
multifunctional implantable triboelectric active sensor for real-time
biomedical monitoring. Nano Lett 2016;16(10):6042–51.

[169] Ouyang H, Tian J, Sun G, Zou Y, Liu Z, Li H, et al. Self-powered pulse
sensor for antidiastole of cardiovascular disease. Adv Mater 2017;29(40):
1703456.

[170] Kim H, Kim YS, Mahmood M, Kwon S, Zavanelli N, Kim HS, et al. Fully
integrated, stretchable, wireless skin-conformal bioelectronics for
continuous stress monitoring in daily life. Adv Sci 2020;7(15):2000810.
41
[171] Song Y, Min J, Yu Y, Wang H, Yang Y, Zhang H, et al. Wireless battery-free
wearable sweat sensor powered by human motion. Sci Adv 2020;6(40):
eaay9842.

[172] Kim J, Jeerapan I, Sempionatto JR, Barfidokht A, Mishra RK, Campbell AS, et al.
Wearable bioelectronics: enzyme-based body-worn electronic devices. Acc
Chem Res 2018;51(11):2820–8.

[173] Kim J, Imani S, de Araujo WR, Warchall J, Valdés-Ramírez G, Paixão TRLC,
et al. Wearable salivary uric acid mouthguard biosensor with integrated
wireless electronics. Biosens Bioelectron 2015;74:1061–8.

[174] Kim YS, Mahmood M, Lee Y, Kim NK, Kwon S, Herbert R, et al. All-in-one,
wireless, stretchable hybrid electronics for smart, connected, and ambulatory
physiological monitoring. Adv Sci 2019;6(17):1900939.

[175] Boe AJ, Koch LLM, O’Brien MK, Shawen N, Rogers JA, Lieber RL, et al.
Automating sleep stage classification using wireless, wearable sensors. NPJ
Digit Med 2019;2(1):1–9.

[176] Boucsein W. Electrodermal activity. 2nd ed. Boston: Springer; 2012.
[177] Kim H, Kim YS, Mahmood M, Kwon S, Epps F, Rim YS, et al. Wireless,

continuous monitoring of daily stress and management practice via soft
bioelectronics. Biosens Bioelectron 2021;173:112764.

[178] Balasubramaniam S, Wirdatmadja SA, Barros MT, Koucheryavy Y, Stachowiak
M, Jornet JM. Wireless communications for optogenetics-based brain
stimulation: present technology and future challenges. IEEE Commun Mag
2018;56(7):218–24.

[179] Thimot J, Shepard KL. Bioelectronic devices: wirelessly powered implants.
Nat Biomed Eng 2017;1(3):1–2.

[180] Montgomery KL, Yeh AJ, Ho JS, Tsao V, Mohan Iyer S, Grosenick L, et al.
Wirelessly powered, fully internal optogenetics for brain, spinal and
peripheral circuits in mice. Nat Methods 2015;12(10):969–74.

[181] Burton A, Obaid SN, Vázquez-Guardado A, Schmit MB, Stuart T, Cai L, et al.
Wireless, battery-freesubdermally implantablephotometrysystemsforchronic
recording of neural dynamics. Proc Natl Acad Sci USA 2020;117(6):2835–45.

[182] Zhang H, Gutruf P, Meacham K, Montana MC, Zhao X, Chiarelli AM, et al.
Wireless, battery-free optoelectronic systems as subdermal implants for local
tissue oximetry. Sci Adv 2019;5(3):aaw0873.

[183] Mulberry G, White KA, Kim BN. A wirelessly powered implantable CMOS
neural recording sensor array using pulse-based neural amplifier. 2019.
bioRxiv:809509.

[184] Zhang Y, Mickle AD, Gutruf P, McIlvried LA, Guo H, Wu Y, et al. Battery-free,
fully implantable optofluidic cuff system for wireless optogenetic and
pharmacological neuromodulation of peripheral nerves. Sci Adv 2019;5(7):
aaw5296.

[185] Song E, Li J, Won SM, Bai W, Rogers JA. Materials for flexible bioelectronic
systems as chronic neural interfaces. Nat Mater 2020;19(6):590–603.

[186] Cho Y, Park J, Lee C, Lee S. Recent progress on peripheral neural interface
technology towards bioelectronic medicine. Bioelectron Med 2020;6(1):23.

[187] Han S, Shin G. Biodegradable optical fiber in a soft optoelectronic device for
wireless optogenetic applications. Coatings 2020;10(12):1153.

[188] Wentz CT, Bernstein JG, Monahan P, Guerra A, Rodriguez A, Boyden ES. A
wirelessly powered and controlled device for optical neural control of freely-
behaving animals. J Neural Eng 2011;8(4):046021.

[189] Rivnay J, Wang H, Fenno L, Deisseroth K, Malliaras GG. Next-generation
probes, particles, and proteins for neural interfacing. Sci Adv 2017;3(6):
1601649.

[190] Fiáth R, Márton AL, Mátyás F, Pinke D, Márton G, Tóth K, et al. Slow insertion
of silicon probes improves the quality of acute neuronal recordings. Sci Rep
2019;9(111):1–17.

[191] Steinmetz NA, Koch C, Harris KD, Carandini M. Challenges and opportunities
for large-scale electrophysiology with neuropixels probes. Curr Opin
Neurobiol 2018;50:92–100.

[192] Fernández E, Greger B, House PA, Aranda I, Botella C, Albisua J, et al. Acute
human brain responses to intracortical microelectrode arrays: challenges and
future prospects. Front Neuroeng 2014;7:24.

[193] Tsai AC, Huang ACW, Yu YH, Kuo CS, Hsu CC, Lim YS, et al. A wireless
magnetic resonance device for optogenetic applications in an animal model.
Sensors 2020;20(20):5869.

[194] Liu C, Zhao Y, Cai X, Xie Y, Wang T, Cheng D, et al. A wireless, implantable
optoelectrochemical probe for optogenetic stimulation and dopamine
detection. Microsyst Nanoeng 2020;6(1):64.

[195] Manoufali M, Bialkowski K, Mohammed BJ, Mills PC, Abbosh A. Near-field
inductive-coupling link to power a three-dimensional millimeter-size
antenna for brain implantable medical devices. IEEE Trans Biomed Eng
2018;65(1):4–14.

[196] Singer A, Dutta S, Lewis E, Chen Z, Chen JC, Verma N, et al. Magnetoelectric
materials for miniature, wireless neural stimulation at therapeutic
frequencies. Neuron 2020;107(4):631–43.

[197] Park SI, Brenner DS, Shin G, Morgan CD, Copits BA, Chung HU, et al. Soft,
stretchable, fully implantable miniaturized optoelectronic systems for
wireless optogenetics. Nat Biotechnol 2015;33(12):1280–6.

[198] Zhang Y, Castro DC, Han Y, Wu Y, Guo H, Weng Z, et al. Battery-free,
lightweight, injectable microsystem for in vivo wireless pharmacology and
optogenetics. Proc Natl Acad Sci USA 2019;116(43):21427–37.

http://refhub.elsevier.com/S2095-8099(22)00004-2/h0715
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0715
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0720
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0720
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0720
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0725
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0725
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0730
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0730
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0735
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0735
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0735
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0740
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0740
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0740
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0745
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0745
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0745
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0750
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0750
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0750
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0755
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0755
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0760
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0760
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0760
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0765
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0765
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0765
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0770
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0770
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0770
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0770
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0775
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0775
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0775
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0780
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0780
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0780
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0785
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0785
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0785
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0785
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0790
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0790
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0795
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0795
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0800
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0800
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0800
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0805
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0805
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0805
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0810
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0810
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0815
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0815
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0815
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0820
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0820
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0820
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0825
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0825
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0825
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0830
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0830
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0830
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0835
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0835
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0835
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0840
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0840
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0840
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0845
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0845
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0845
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0850
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0850
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0850
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0855
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0855
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0855
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0860
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0860
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0860
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0865
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0865
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0865
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0870
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0870
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0870
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0875
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0875
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0875
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0880
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0885
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0885
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0885
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0890
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0890
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0890
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0890
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0895
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0895
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0900
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0900
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0900
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0905
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0905
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0905
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0910
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0910
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0910
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0920
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0920
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0920
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0920
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0925
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0925
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0930
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0930
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0935
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0935
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0940
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0940
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0940
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0945
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0945
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0945
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0950
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0950
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0950
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0955
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0955
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0955
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0960
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0960
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0960
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0965
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0965
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0965
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0970
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0970
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0970
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0975
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0975
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0975
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0975
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0980
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0980
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0980
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0985
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0985
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0985
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0990
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0990
http://refhub.elsevier.com/S2095-8099(22)00004-2/h0990

	Recent Advances in Organ Specific Wireless Bioelectronic Devices: Perspective on Biotelemetry and Power Transfer Using Antenna Systems
	1 Introduction
	2 Gastrointestinal tract monitoring
	3 Retinal prosthesis
	4 Cochlear implants for auditory nerve stimulation
	5 Hyperthermia treatment
	6 Cardiovascular healthcare
	7 Drug delivery devices
	8 Physiological monitoring
	9 Brain stimulators
	10 Conclusions
	Compliance with ethics guidelines
	Appendix A Supplementary data
	References


