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Abstract

Implantable and ingestible biomedical electronic devices can be useful tools for detecting
physiological and pathophysiological signals, and providing treatments that cannot be done
externally. However, one major challenge in the development of these devices is the limited
lifetime of their power sources. The state-of-the-art of powering technologies for implantable and
ingestible electronics is reviewed here. The structure and power requirements of implantable

and ingestible biomedical electronics are described to guide the development of powering
technologies. These powering technologies include novel batteries that can be used as both power
sources and for energy storage, devices that can harvest energy from the human body, and devices
that can receive and operate with energy transferred from exogenous sources. Furthermore,
potential sources of mechanical, chemical, and electromagnetic energy present around common
target locations of implantable and ingestible electronics are thoroughly analyzed; energy
harvesting and transfer methods befitting each energy source are also discussed. Developing power
sources that are safe, compact, and have high volumetric energy densities is essential for realizing
long-term in-body biomedical electronics and for enabling a new era of personalized healthcare.
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1. Introduction

1.1. Motivation

As the human life expectancy has increased, access to high-quality healthcare has become
essential for ensuring a high quality of life.[}] This increase in lifespan is associated with
a rising prevalence of disease, disability, dementia, and other ailments.[2] More than 60%
of adults in the United States (US) have a chronic disease such as heart disease, cancer,
stroke, and diabetes. Consequently, management of chronic conditions account for 75% of
healthcare spending in the US.I341 ~61 million adults (26%) in the US have some type

of disability, such as a mobility impairment, a cognitive disability, hearing loss, or vision
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loss, and depend on the reliable assistance of one or more medical devices for the rest

of their lives.[5] Worldwide, about three million people are living with a pacemaker and
about 0.3 million people are living with a cochlear implant.[8.7] In order to lower the
morbidity rate, it is important to monitor, intervene, and prevent diseases more effectively.
Biomedical electronic devices have played a significant role in managing these medical
demands. Developing energy-dense power sources is a major challenge for realizing the next
generation of personalized biomedical electronics that are multifunctional, compact, and
long-lived.

The energy requirements of biomedical electronic devices are highly dependent on their
application and the complexity of the required electrical systems. Biomedical electronic
devices can be divided into three main categories depending on their application: diagnostic,
therapeutic, and closed-loop systems. Each category has a different degree of complexity

in the electronic system, which will be discussed in Section 1.2. Diagnostic devices are
used to monitor existing or potential medical conditions, to track disease progression and

to evaluate the effects of any medical interventions. Diagnostic biomedical electronics are
currently used to monitor the progression of diseases such as diabetes, cancer, hypertension,
heart disease, stroke, respiratory disease, chronic kidney disease, arthritis, and obesity.
Clinicians can also assess the efficacy of treatment through therapeutic drug monitoring or
medication adherence monitoring; therapeutic prescriptions can then be altered to optimize
efficacy. Furthermore, diagnostic electronic devices can collect clinical data from patients
over an extended period of time without clinical consultations, which enables quicker, more
efficient, and more accurate diagnoses and prognoses.

Therapeutic electronic devices enable potentially more efficient and effective therapeutic
interventions than conventional treatment methods such as pill-type medications. For
example, tissue/nerve stimulation is used to repair neurological dysfunction or to relieve
pain by modulating the nervous system: examples include deep brain stimulation for
Parkinson’s disease, gastric stimulation for gastroparesis, and peripheral nerve and spinal
cord stimulation for chronic pain relief. Programmable drug pumps can increase medication
adherence and maintain analyte concentrations within a targeted therapeutic window.
Therapeutic efficacy can be optimized when the diagnostic and therapeutic devices are
combined into a closed-loop system.

In a closed-loop system, diagnostic sensors monitor biomarkers related to a target

disease and a central processing unit analyzes the measured data and adjusts the

treatment accordingly. A closed-loop algorithm can achieve high therapeutic efficacy in
pharmacologic treatment by maintaining the medication levels within a tight predetermined
threshold; in electrical stimulation, closed-loop systems support stimulation in response

to measured endogenous electrical activity. There are many medical treatments that

can be enhanced by closed-loop medical devices: chemotherapy, anesthesia, opioids

for postsurgical management of pain, methotrexate for control of rheumatoid arthritis,
tacrolimus for post-transplant immunosuppression, phenytoin to control epileptic seizures,
and the anticoagulant warfarin.[] A well-recognized biomedical closed-loop electronic
device is the type 1 diabetes glucose monitoring and insulin pump system, also known as an
artificial pancreas, that continuously measures blood glucose levels and delivers the required
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insulin dose. Another closed-loop electronic medical device is a transgastric sensor and
gastric stimulator, which is used to treat obesity. This implantable device detects food intake
and triggers a gastric stimulator which makes a patient feel satiated.[9] Other examples of
implantable biomedical closed-loop systems include closed-loop pacemakers, which treat
cardiac arrhythmia, and closed-loop deep brain stimulators (DBS), which treat Parkinson’s
disease. Table 1 summarizes clinical applications in which implantable/ingestible biomedical
electronic devices are used.

Due to recent technological developments, the features available and implantation locations
of biomedical electronic devices has increased substantially. Advances in wireless
communication enable medical devices to be untethered when in the human body. Advances
in minimally invasive or semi-invasive surgical implantation procedures have enabled
biomedical devices to be implanted in locations where clinically important biomarkers and
physiological signals can be detected; it has also enabled direct administration of medication
or treatment to a target location. This leads to higher therapeutic efficacy and lower levels

of patient discomfort. Nevertheless, a significant challenge arises when these electronic
devices operate inside the body: power is a fundamental bottleneck. This is because the
major functionalities of the device, such as diagnostic/therapeutic modalities, duty cycle,
and operation lifetime, are often constrained by the amount of power that is available.
Furthermore, additional features are constantly being added to biomedical electronic
devices as a result of technological development. For instance, smartphones and internet

of things (loT) technologies facilitate physiological data collection; artificial intelligence
(Al) algorithms provide advanced data analysis and personalized medical decision-making.
As a result, the power demand for biomedical electronic devices is constantly increasing.
Thus, technology related to powering devices is a major determinant in the ability to develop
in-body biomedical electronics. Figure 1 shows the major milestones of implantable and
ingestible electronic devices and relevant technologies to power these devices.

1.2. Structure and Power Consumptions of Implantable and Ingestible Biomedical
Electronic Devices

The power requirements of implantable and ingestible biomedical electronics are determined
by their structure and components. This section discusses the functional blocks that are
typically found in a biomedical electronic device and their power requirements.

1.2.1. Structure and Components of Biomedical Electronic Devices—Most
biomedical electronic devices are composed of a common set of components, including

a power unit, sensors, actuators, a signal processing and control unit, and a data storage unit
(Figure 2). Implantable and ingestible devices that require a great deal of data manipulation
or large quantities of data logging also need to be wirelessly connected to an external device
so that data can be transmitted to an external receiver and signal processing, data storage,
and display can be performed more efficiently. The power unit, which is composed of one
or more energy sources as well as power management circuits, supplies electrical energy

to the whole system. The sensors and actuators interface with the biomedical environment
to record the external stimuli or generate appropriate medical interventions. The signal
processing and control unit is the central processing unit that has many functionalities
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including input/output (1/0) operations, analog and digital signal conversion and processing,
peripheral control, memory, and timing operations. This unit supervises the algorithm and
operation of the entire system. Usually, a single mixed-signal microcontroller unit (MCU)

is used for biomedical electronics since it enables all functionalities to be integrated onto a
single chip that is small in size, requires little power, and is low in cost. The data storage unit
can be integrated into a signal processing and control unit like memory is embedded onto an
MCU, or it can be added as a separate memory unit if needed. The basic components of a
wireless communication unit are a transmitter/receiver/transceiver and an antenna.

The system complexity of each of the three biomedical electronic systems is shown in
Figure 2. Therapeutic tools are usually the least complex systems and primarily require

a controlled actuator. Control of the therapeutic devices can be achieved in one of three
ways: wirelessly, by an external user for an on-demand application; by a microcontroller
that has a pre-programmed algorithm that operates at a specific time and situation;

or by environmental stimuli.[%0-93] Microcontrollers and wireless communication units

are optional components for therapeutic devices. However, systems composed of only
actuators, which do not have computational elements and communication modules, can
only implement simple on-off control. Adding a microcontroller and a radiofrequency (RF)
communication module enables more sophisticated therapeutic procedures such as time-
controlled drug delivery or feedback control. At the same time, these additional modules
increase the power consumption of the devices and require the power management circuits
to be more complex.[®?]

A diagnostic device relies on different modules than a therapeutic device: sensors to collect
biological information, a microcontroller to convert the analog inputs into digital data and
perform signal processing, and a wireless communication module and/or additional on-board
memory to transmit/store the processed data for further analysis.[80:94-98] Thus, a diagnostic
device requires a more complicated circuit design than a therapeutic device. A closed-loop
system has the most complex configuration since it must contain a sensor, an actuator,

and a microcontroller. The microcontroller plays an important role in coordinating the
sensory input with the output of the actuator. An RF communication module is an optional
component in a closed-loop system. If the microcontroller unit in a closed-loop system, such
as a pacemaker and artificial pancreas, does not require intervention from an external user
to make a therapeutic decision, no communication component is needed.[99:100] However, if
a system needs to be highly miniaturized and cannot incorporate a powerful microcontroller
due to size and power consumption limitations, then having an RF communication module
can shift the heavy computational load to a powerful external device.[101]

1.2.2. Power Requirements of Biomedical Electronic Devices—For implantable
and ingestible devices, power requirements are a critical and often constraining parameter.
There is a wide variety of biomedical devices that are currently used in clinical settings;
these devices have a range of power requirements (Table 2). Among other factors, the
functionality and longevity of the device are characteristics that need to be balanced with
energy consumption. Devices that require relatively low power, such as pacemakers (10—
30 uW) and artificial urinary sphincters (200 uW), can last for 8-12 years before they
require a battery replacement or maintenance.[79102] These devices can be implanted in the
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body and only require battery replacement surgery, a low risk and convenient procedure,
approximately once every decade.

Similarly, for single-use devices, such as capsule endoscopes, batteries provide enough
energy to power the devices for their entire lifetime. On the other hand, devices that
consume higher amounts of power or operate over a longer time period cannot rely on
simple primary batteries. Muscle stimulators and cochlear implants consume substantial
amounts of energy and their batteries need to be recharged regularly. Devices with tight
size constraints, such as retinal prostheses or brain implants, are not able to accommodate
enough batteries within a single device. Implantable neurostimulators (INS), for example,
consist of two parts: one is the network of implantable stimulating electrodes and the

other is the external control unit. The external control unit is located in an infraclavicular
or abdominal implant site outside the skull; it is connected to the electrodes through
external connectors.[193] Different powering technologies, such as novel energy-dense
batteries, energy harvesting techniques, and energy transfer techniques, can be used to
continuously power the device or recharge its batteries which reduces the number of surgical
procedures needed, minimizes infection risks, reduces the number of electrical components
and connections needed, increases the device’s reliability, and lowers costs. Some transient
electronic devices, such as medication adherence monitors, use biodegradable batteries or
energy harvesting devices rather than conventional lithium (Li) batteries to perform their
function.

The rest of this paper discusses three different powering methods for implantable and
ingestible electronic devices: the use of batteries, energy harvesting, and energy transfer.

In Section 2, we will review the fundamental principles and state-of-the-art technologies of
batteries for biomedical electronics. In Section 3, we will cover the working principles and
provide examples of energy harvesting systems, which scavenge naturally occurring energy
from the human body. We will also thoroughly analyze the characteristics of each available
energy source for devices implanted in or ingested into the human body in Section 3. In
Section 4, we will review the energy transfer technologies which can deliver energy from
outside the body to implanted or ingested devices.

Batteries to Power Biomedical Electronic Devices

Since the first pacemaker was implanted in 1958, batteries have been the main source of
power for biomedical electronic devices. In this section, we will cover the history and

the state of the art of battery technology for biomedical electronic devices. The important
characteristics of batteries for biomedical applications will be discussed.

Important Characteristics of Batteries for Biomedical Electronic Devices

A battery is an electrochemical energy storage system which is composed of four

main components: a cathode, an anode, the electrolyte, and a membrane separator. The
electrochemical reactions between these components determine the characteristics of the
batteries. When evaluating whether a particular battery is appropriate for a specific use,
several parameters should be considered: nominal voltage, energy density and capacity,
lifetime, and discharge profile. Energy density can be defined as either gravimetric energy
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density (specific energy), which is energy capacity in weight, or volumetric energy density,
which is energy capacity in volume. For secondary or rechargeable batteries, cycle life and
charging speed are two additional characteristics to consider. Other major characteristics to
consider include the battery’s cost, its internal resistance, and the long-term effects of aging.

For biomedical applications, especially for implantable and ingestible electronic devices, the
most significant parameters that should be considered are volumetric energy density and
safety. Volumetric energy density is more important than specific energy because biomedical
electronic devices often have size limitations but rarely have restrictions on their weight.
[113] safety factors to be considered include the battery’s risk of explosion and leakage,
which could potentially lead to toxicity, reduced biocompatibility, and immunogenicity.

The battery’s lifetime, its long-term stability and reliability, and the predictability of its
performance are other important characteristics to consider for in-body applications. Indeed,
the safety of implantable/ingestible batteries and battery-powered medical devices are
generally regulated by government agencies such as the Food and Drug Administration
(FDA, United States of America) and the European Medicines Agency (EMA, European
Union). The standards set by the FDA and the EMA are meant to ensure the safe operation
of primary and secondary batteries for medical devices under intended use and reasonably
foreseeable misuse. FDA-recognized consensus standards for primary and secondary
batteries include IEC 60086-4 (primary batteries—Part 4: safety of lithium batteries);

IEC 60086-5 (primary batteries—Part 5: safety of batteries with aqueous electrolyte); UL
1642 (lithium batteries); and IEC 62133 (secondary cells and batteries containing alkaline
or other non-acid electrolytes—safety requirements for portable sealed secondary cells,

and for batteries made from them, for use in portable applications); IEC 62485 (safety
requirements for secondary batteries and battery installations); UL 2054 (household and
commercial batteries).[114-123] The standard IEC 60601-1 (medical electrical equipment—
general requirements for basic safety and essential performance) also provides the general
safety requirement of batteries for medical devices. The EMA has adopted “Regulation
(EU) 2017/745 on Medical Devices (MDR)” and harmonized standards such as EN/IEC
60601-1 (EU-adopted version of IEC 60601-1) and EN/IEC 62133 (EU-adopted version

of IEC 62133 to regulate the safety and performance of implantable medical devices and
batteries[117.118,124-126]

2.2. Development of Battery Technologies for Biomedical Electronic Devices

As mentioned above, batteries that power biomedical electronic devices are required to meet
specific standards in order to be sold in certain markets. In this section, a brief history and
the state of the art of battery technology for implantable and ingestible biomedical electronic
devices will be reviewed. Challenges facing battery technology for biomedical devices will
be addressed as well as recent technological advances that attempt to resolve these issues.

2.2.1. Batteries to Power Biomedical Electronic Devices

Lithium-Based Batteries for Biomedical Electronic Devices: Since the development

of lithium batteries and lithium-ion batteries (LIBs), they have been standard choices for
on-board energy supplies in medical devices. Both types of batteries are made with Li metal,
which has high theoretical energy densities of 2062 mAh cm=2 and 3862 mAh g~1; because
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of this, lithium-based batteries have a higher cell voltage and energy density than other
battery chemistries.[127] Lithium-based batteries also have a flat, predictable, and reliable
discharge profile, which is desirable in medical devices.[88128] However, drawbacks include
high manufacturing cost, moderate discharge current, safety issues, and limited recyclability.

Lithium and lithium-ion batteries share several common features; however, they exhibit
quite different electrochemical characteristics. All lithium batteries have pure lithium metal
as their anodes but they can have many types of cathodes, including iodine (Li/l5),
manganese oxide (Li/MnOy), carbon monofluoride (Li/CF,), silver vanadium oxide (Li/
SVO) or hybrid cathodes (Li/CF,~SVO).[193] Lithium batteries generally have a higher
capacity and longer shelf life than lithium-ion batteries, but since pure lithium metal is
highly reactive, damage to the batteries can pose a serious safety issue.[105.128]

LIBs use lithium-intercalated compounds as cathodes, which are more stable than pure
lithium metal. Examples of commonly used cathode material in LIBs include lithium
cobalt (Co) oxide (LiC0O5), lithium iron (Fe) phosphate (LiFePOy), lithium manganese
oxide (LiMnyOy, LioMnO3, or LMO), and lithium nickel (Ni) manganese cobalt oxide
(LiNiMnCo0, or NMC).[129] L_ithium-ion batteries are rechargeable, which results in an
extended lifetime compared to lithium batteries, which is especially useful for medical
devices that have high power requirements. Using rechargeable batteries can significantly
improve patient comfort because it reduces the frequency of battery replacement, which
often needs to be done surgically. LIBs exhibit the highest battery capacity among existing
rechargeable battery technologies, with no memory effect and a low self-discharge rate.
Lithium-ion batteries are also safer than lithium batteries, but there are still some safety
issues to be addressed. Physical damage, elevated temperatures or electrical abuse such

as shorting the circuits and overcharging, can cause the batteries to experience a thermal
runaway or explode. Also, if LIBs leak, their electrolytes are toxic to humans.[*30] Adding a
battery protection circuit is one way to keep LIBs within a safe operating range.

There is a long history of using lithium and lithium-ion batteries in implantable

and ingestible biomedical devices.[131] A large portion of today’s commercial medical
devices use lithium-based batteries as their on-board power source due to their reliability.
[132] |_jthium-based batteries have been used to power implantable devices such as
pacemakers, neurostimulators, cochlear implants, implantable cardiac defibrillators, cardiac
resynchronization devices, drug delivery systems, and bone growth generators.[102] Ljthium-
based batteries are also the preferred choice for hard-to-retrieve and single-use devices due
to their high energy density. The most well-known biomedical devices that utilize lithium
batteries as their power sources are cardiac pacemakers. Li/l, batteries have been powering
pacemakers since they were first developed in 1972 and are still used in pacemakers today
due to their reliability and predictability.[167] Some applications that demand high power
often utilize rechargeable lithium-ion batteries to increase the lifetime and reduce the size of
the implant. For example, neurostimulators, which operate in the milliwatts power range, are
one type of device that use secondary L1Bs.[102]

Silver Oxide (AgO) Batteries for Ingestible Electronic Devices: Other than lithium-based
batteries, there are very few battery options for biomedical electronic devices on the market.
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Silver oxide batteries, which consist of an AgO/zinc (Zn) cathode/anode pair, have energy
densities that are similar to or slightly lower than standard LIBs. One advantage of silver
oxide batteries for implantable or ingestible medical devices is that they are not prone

to thermal runaway.[133] Indeed, silver oxide batteries are preferred for on-board power
supplies in ingestible electronics and they are the only type of battery that has been approved
for clinical use to power capsule endoscopes.[80:110.133] However, the toxic metal and caustic
electrolytes in silver oxide batteries can still be hazardous if the battery is retained or
ruptured.[79]

There are other types of primary cells such as zinc-air batteries, which have the highest
energy densities among all commercially available cells. However, these batteries are not
suitable for in-body medical devices due to the lack of oxygen flow inside the body. Zinc-air
batteries are used for hearing aids and in the external units of cochlear implants. Zinc carbon
and alkaline batteries have low energy densities and are considered outdated technologies.

Non-L ithium-Based Rechargeable Batteries: For rechargeable batteries in biomedical
applications, there are not many viable alternatives to lithium ion batteries. Before the
mid-1990s, nickel cadmium (NiCd) batteries had an overwhelming market share for
rechargeable batteries due to their high current discharge rate, fast charging rate, and thermal
stability.[*34] However, since cadmium is toxic to humans and poses an environmental
hazard, the sale of NiCd batteries has been restricted since 2006 by the EU battery
directive.[124] Niickel metal hybrid (NiMH) batteries was developed as a substitute for NiCd
batteries in 1990s.[134] NiMH batteries have a higher energy density and are less toxic

than NiCd batteries but they also have a shorter cycle life and a shelf life. NiMH batteries
are considered to be safer than lithium ion batteries under reasonable misuse such as
physical, thermal, and overcharging stress. But they suffer from the same problems as NiCd
batteries, such as memory effect, a high self-discharge rate, and the risk of explosion when
overcharging. Lead acid batteries are the most economical rechargeable batteries for large
power applications, but they have a low energy density and a short cycle life, are heavy,

and contain hazardous lead, which make them unsuitable for biomedical devices. NiCd,
NiMH, and lead acid batteries are still widely used in various types of devices, including
industrial applications or motive power systems, but they are considered inferior to lithium
ion batteries for implantable and ingestible biomedical devices in terms of both safety and
performance.[13%]

The major characteristics of the batteries introduced in this section are summarized in Table
3, which also lists the desirable characteristics of implantable and ingestible biomedical
electronic devices.

2.2.2. Efforts toward Current Challenges in Batteries for Biomedical
Electronic Devices—In the last few decades, new battery technology has led to increases
in the performance, reliability, and lifetime of batteries. However, challenges remain,
especially in terms of volumetric energy density and safety. Electronic miniaturization
allows more functionalities to be added to devices, which increases power requirements.
Recently, new material-based battery systems have been developed with higher energy
densities. Also, battery components can be arranged in different geometric orientations
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in order to efficiently leverage the limited space in biomedical devices. Researchers have
also been focused on developing electrolyte and electrode materials that are nonflammable,
nontoxic, and biodegradable in order to improve the safety of batteries.

Rechargeable Batteries Based on Non-Lithium Metals: To overcome the inherent danger
of lithium-based batteries, there has been a lot of research that has focused on developing
new battery technologies that are not based on lithium metals.[249] Alkali metals and alkaline
earth metals such as sodium (Na), potassium (K), calcium (Ca), and magnesium (Mg) have
been proposed as alternative materials to Li for batteries. In addition to being safer than

Li, they are also less expensive and more abundant in nature. The raw materials which

are essential in LIBs, such as Co, Ni, and Li, are limited in supply and would potentially
increase the price of LIBs in the near future. [141.142] Alkali metals, including Li, Na, and

K, are very reactive and electropositive monovalent metals, while alkaline earth metals, such
as Ca and Mg, are divalent metals. Sodium-ion batteries (NIBs), potassium-ion batteries
(K1Bs), and calcium-ion batteries (CIBs) are some of the most promising alternatives to
LIBs because they have high energy densities and are relatively safer. NIBs and KIBs can be
manufactured using the same techniques as LIBs at room temperature due to the chemical—
physical similarities of Na and K metals to Li metal.[143-145] CIBs use multivalent ions

as charge carriers, which are capable of transferring multiple electrons per ion.[246] This
means, in theory, that the energy capacities of CIBs have the potential to be doubled that of
monovalent ion-based batteries. However, CIBs use different materials than LIBs for anodes
and cathodes due to the difference between monovalent and multivalent ions.

Na and K, which are alkali metals, are two of the most abundant elements in the earth’s
crust.l47] Na is the second alkali metal after Li; Li and Na share some chemical properties.
NIBs are more common than KIBs, and high-temperature NIBs, such as the sodium-nickel
chloride (ZEBRA) battery, have already been commercialized.[148] NIBs are considered
safer than LIBs and are less prone to thermal runaway.[149] Potassium has a lower

reduction potential than Na: the reduction potential of K is —2.93 V (vs standard hydrogen
electrode, SHE) and Na is —2.71 V (vs SHE). With its lower reduction potential, KIBs

can theoretically have higher working voltage and energy densities than NIBs. However,
there is a fundamental limit on the energy densities that NIBs and KIBs can have. The
theoretical energy densities of Na (1166 mAh g2, 1131 mAh cm~3) and K (685 mAh g1,
590 mAh cm~3) metals are small compared to Li (3862 mAh g~1, 2062 mAh cm~3).[127]
Furthermore, the common cathode materials for LIBs would be easily disrupted in NIBs or
KI1Bs, because the large radius of Na* ions (0.102 nm) and K* ions (0.138 nm) would cause
large changes in the volume of the electrodes due to the frequent insertion and extraction of
ions during the charge and discharge process.[*50 This results in a low practical capacity,
reduced performance, poor cyclability, and sometimes even electrochemical inactivity. Thus,
the selection of host materials for the intercalation cathode in NIBs and KIBs is very limited.
[140,151] Additionally, most NIBs and KIBs are only operational in high temperatures, which
inhibit NIBs and KIBs from being used in biomedical applications. Even though there are
some commercialized NIBs on the market, they are mostly developed for electromobility

or large-scale energy storage and still have high manufacturing costs which make them

just as expensive as L1Bs.[152] Hence, understanding the structural and electrochemical
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properties of different electrode and electrolyte materials for NIBs and KIBs is important for

developing fully functional batteries based on non-lithium metals for biomedical electronic
devices,[151,153-157]

Calcium is the third alkaline earth metal, and is the fifth most abundant element in the
earth’s crust.[147] The standard reduction potential of Ca (—2.87 V vs SHE) is similar to

Li (-3.04 V vs SHE); the theoretical energy densities of Ca (1340 mAh g1, 2072 mAh
cm~3) is also similar to that of Li (3862 mAh g™, 2062 mAh cm~3).[127.158] Calcium has

a lower polarizing character than magnesium or aluminum, thus Ca2* ions are more mobile
in liquid. Compared to LIBs, CIBs are less toxic and less prone to thermal runaway.[159]
However, the technology is still in its infancy: there are few actual prototypes and their
operating temperatures are outside the range that is appropriate for medical applications.
Recent efforts have focused on finding suitable Ca metal anodes, Ca intercalation cathodes,
electrolytes that can allow CIBs to operate at room temperature, and steadily efficient
compatible battery chemistries.[140.142,146,160] One hurdle to developing rechargeable CIBs
for long-term applications is that passivation layers form at the Ca anodic surface during
use. Passivation layers reduce the ability to reversibly plate and strip the Ca metal anode.
Another challenge is developing an intercalation host material for the Ca cathode that is able
to accommodate Ca ions, which, at 0.112 nm, are relatively large; only a few candidates
have been proposed to date.[146.1501Ca2* jons have a low diffusion rate and a high reduction
potential which makes the development of suitable electrolytes for CIBs that operate at room
temperature challenging.

There are other non-lithium based battery technologies that have the potential to be used

in biomedical devices. For instance, potassium sulfur and sodium—sulfur batteries that do
not use pure metal Na and K anodes can offer comparable or even higher energy densities
than LIBs, but they do not have the same safety risks as pure alkali metal anodes.[161.162]
Other candidates for next-generation, energy-dense, safe, and cost-efficient batteries for
biomedical applications include magnesium batteries, aluminum ion batteries, nickel-zinc
batteries, a silicon-based anode for LIBs, proton batteries, and graphite dual ion batteries.
[163-173] However, most of these state-of-the-art battery technologies are being developed for
large-scale applications, such as for energy grids or electric vehicles, and they do not reliably
and efficiently operate at room temperature yet. Further research and efforts will be needed
to achieve not only high volumetric energy density and safety, but also miniaturization, cost
efficiency, and efficient operation at room temperature for biomedical applications.

Solid-State Batteries: LIBs, like most other types of batteries, use liquid electrolytes,
which are volatile, flammable, and toxic. As such, liquid electrolytes, which in LIBs consist
of lithium salts in an organic solvent, are the reason LIBs can be hazardous, especially in
biomedical applications. Aqueous electrolytes, which are water-based, are less hazardous
than liquid electrolytes, but they limit the cell voltage and energy density.

Solid electrolytes exhibit number of advantages including reduced risk of thermal runaway
and leakages. Solid electrolytes are also less flammable, more robust and flexible, and
more resilient to shock, vibration, and high temperatures.[174] They have a slower self-
discharge rate, a higher gravimetric energy density, and a more uniform output voltage
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than conventional liquid electrolytes. They eliminate the need for separators and other
packaging restrictions, which enable flexible cell structure designs with various form
factors.[173] As an example, the volumetric energy density of solid-state batteries can

be significantly increased when they are made into the form of thin-film cells.[174] Solid-
state primary or secondary batteries are already capable of meeting lifetime and power
density requirements for low-power medical devices such as cardiac pacemakers.[173]
Various kinds of materials have been investigated for use as solid-state electrolytes. They
can be broadly classified by type: polymers, polymeric gels, ceramics, glassy materials,
and hybrid composites.[176] The thickness of the electrolyte can range from hundreds

of nanometers to hundreds of micrometers, depending on the fabrication method.[174]
The most common solid-state electrolyte materials used in lithium-based batteries include
oxide-type, sulfide-type, hydride-type, halide-type, borate or phosphate-type, thin film-
type, and polymer-type.[176-178] For example, sodium superionic conductor (NASICON),
lithium superionic conductor (LISICON), lithium phosphorus oxynitride (LiPON), and
poly(ethylene oxide) (PEO) are some of the most well-known solid-state electrolytes for
lithium-ion batteries.[177.178] One of the first solid-state electrolyte designs was a plastic-
based lithium phosphorous oxy-nitride (LiPON or PLiON) glassy thin-film electrolyte; it
was a conventional coin-type cell, which was flexible and easy to use.[®8] For non-lithium
based battery systems, ceramics are the most commonly used solid-state electrolytes.[17°]
Phosphates, such as NASICON, are the most promising solid-state electrolytes for sodium-
ion batteries, and sulfide-based solid-state electrolytes are used in many solid-state battery
systems.[174.180]

However, there are still many issues that are preventing the broad adoption of solid-state
batteries in biomedical devices. One major problem is that solid-state electrolytes exhibit
high ionic resistance in ambient temperatures, which causes their power density to decrease.
In addition, it is not yet cost-effective to replace conventional liquid electrolyte-based
LIBs with solid-state batteries: the manufacturing cost of the most common commercial
solid-state battery, lithium polymer (LiPo) batteries, is 10% to 30% higher than standard
LIBs. Solid-state batteries are not fully biocompatible or biodegradable, which can cause
safety issues especially for biomedical applications. Other improvements needed for the
wide-spread adoption of solid-state batteries in biomedical devices include increasing the
cycle lifespan, preventing dendrite formation on the electrode/electrolyte interface, and
increasing mechanical and chemical stability.[174.181-192]

Transient Batteries: One safety hazard for LIBs, especially when used in implantable or
ingestible biomedical devices, is the release of toxic materials upon accidental rupture. Since
LIBs and other commercial batteries are not biodegradable, the devices can only be retrieved
through invasive or semi-invasive surgical procedures, which can cause complications
including patient discomfort and inflammation. To solve these issues, researchers have

been developing biocompatible and/or biodegradable batteries for implantable and ingestible
biomedical electronic devices.

In order for a battery to be fully biocompatible, all of its components, including the
cathode, the anode, the electrolytes, and the packaging, must be made from nontoxic and
biodegradable materials. The most promising materials for nontoxic transient anodes are
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biodegradable metals such as Mg and Zn, since they each possess a high theoretical energy
density (Mg: 2200 mAh g1, Zn: 820 mAh g~1) and excellent biocompatibility (maximum
daily allowance Mg: 350 mg day 1, Zn: 40 mg day~1).[193-196]

Conventional Mg- or Zn-based primary batteries use silver chloride (AgCl), copper

chloride (CuCl), or copper (Cu) as cathode materials which are nonbiodegradable and

toxic. Biodegradable metals such as Fe, tungsten (W), or molybdenum (Mo) can serve

as substitutes for conventional cathode materials.[197] Utilizing micro/nano-fabrication
technology, metal electrodes can be formed into very thin films in order to increase

surface area and power output of the battery, if necessary. Note that the redox reaction

and degradation rate of the metal electrodes also increases as the surface area increases, so
the battery should be designed to keep the amount of metal dissolved into the body within
the maximum daily allowance. Moreover, any dissolvable metals being evaluated in the body
should undergo rigorous testing in pre-clinical models prior to human translation.

Biocompatible electrolytes, such as a magnesium chloride (MgCl,) solution, can be used

or physiological fluid itself can serve as the electrolyte with support material such as a
biodegradable hydrogel or polymer. Biocompatible and degradable packaging made from
for example polyanhydrides, polycaprolactone (PCL), or polylactic acid (PLA) could ensure
the complete biodegradability, longevity, and stability of the batteries. In one study, a fully
transient biodegradable Mg/Fe battery system with an MgCls electrolytic solution was
fabricated using a MEMS process.[198] |ts performance was sufficient to power transient
implantable electronic systems, with an energy capacity of 0.7 mAh and a peak power
output of 26 pW.

Biocompatible metals can still have the potential to induce adverse effects if the released
amount exceeds the daily dose limitation. Other potential sources of electrode materials are
biologically derived electrochemically active materials, such as natural melanin pigments
and their synthetic analogs (“melanins™). Melanins can be used as both anodes and
cathodes, depending on the reduction potential of the opposite electrode. One research
group developed edible primary cells consisting of pre-oxidized melanin cathodes, benign
ceramic-based anodes, and an aqueous sodium-ion electrolyte; the nominal voltage for these
cells was 0.5 V and the nominal specific energy capacity was 25 mWh g~1.[71 Another
group developed a biodegradable, flexible micro-supercapacitor that consisted of melanin
drop-casted carbon paper electrodes operating in aqueous electrolytes. This supercapacitor
had a power density of 5.24 mW cm~2, an energy density of 0.44 mJ cm~2, and a specific
capacitance of 4.3 mF cm~2.1199] Both examples demonstrate that biologically derived
materials have great potential to make fully biocompatible and biodegradable on-board
energy supply and storage systems for implantable and ingestible electronic devices.

Batteries with Versatile form Factors: Implantable and ingestible biomedical devices
often have size and shape constraints. The dimensions and shape of ingestible electronic
devices are especially limited due to the risk of Gl obstruction and device retention.[80]
Pill-shaped and round ingestible systems are normally used as a reference point when
developing ingestible electronics, since they have a known safety profile:[80] the largest
standard capsule (000) has a diameter of 9.91 mm and a locked length of 26 mm. Ingestible
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devices that are larger than these dimensions, such as the PillCam COLON capsule, which
has a diameter of 11.6 mm and length of 33 mm, are sometimes unable to be passed

out of the Gl tract: the retention rate of the PillCam is 1.4% and it is often linked to
obstruction of the Gl tract.[200-204] | ingestible electronics, rigid batteries occupy more
than half of the total volume of the device and are unable to provide power for more than
several days.[8% Designing batteries with various shapes and sizes would reduce the overall
size of these devices and reduce the risk of obstruction. Characteristics to consider when
selecting batteries include their footprint (micro/large area batteries), thickness (thin film or
bulk), mechanical properties (flexibility, bendability, rollability, stretchability, foldability),
manufacturing methods (deposition, printing, coating), and technology (solid-state, lithium-
polymer, carbon-zinc).

It is challenging to change the shape of bulky and rigid conventional batteries because

they have composite electrodes and liquid electrolytes. There has been much research on
new electrode and electrolyte materials for the purpose of developing flexible, low profile,
or microsized batteries without compromising energy density. One major breakthrough for
miniaturized battery (microbattery) and flexible battery technologies was the development of
solid-state electrolytes, which was discussed previously. Using thin-film or 3D architecture
techniques to overcome low ion conductivities, the thickness of these microbatteries can

be reduced to a few micrometers. Typically, the electrodes of these microbatteries are
composed of thin-film solid-state materials such as polymers, silicon, or carbon pillars; they
can be fabricated by thick film technology or vapor deposition.[205-207] |n some studies,
nanocarbons, graphene, carbon nanotubes, or paper were combined with electrochemically
active materials to make flexible electrodes.[208-211] Most of these flexible batteries are
based on well-studied battery chemistry, such as lithium-ion, zinc-carbon, or lithium, but
there have been efforts to make flexible batteries based on other battery chemistries, such as
NIBs.[212]

There are a few microbatteries and flexible batteries that are already on the market.
Commercial microbatteries available today are able to perform sufficiently well for several
biomedical applications, including implantable orthodontic systems.[213] For example, the
smallest lithium-ion microbattery on the market has a size of 1.75 x 2.15 x 0.02 mm3
(EnerChip, Cymbet Corporation).[224] However, the energy densities are very low (x5 pAh)
and typically only allow a few hours of active operation.[21] Flexible batteries are already
widely used in various applications, such as smartphones, wearable healthcare devices, and
skin patches; their capacity is comparable to conventional rigid LIBs. [216] One flexible
lithium-ion polymer battery that was recently released to the market is the J.Flex battery by
Jenax. This battery can be twisted, bent, and folded like paper and has a capacity of 30 mAh
(27 x 48 mm, 2.3 mAh cm2, 3.8 V), making it suitable for medical devices and consumer
electronics.[217] The market size for flexible batteries was $98 million in 2020, and in 2025
it is expected to be $220 million.

There are also several academic groups that are researching ways to develop microbatteries
with various shapes, sizes, and other physical characteristics. Kutbee et al. developed a
biocompatible flexible LIB using the standard CMOS process; it had an unprecedented
energy density of 200 mWh cm=3 (6 mWh cm~2), was lightweight at 236 ug for each
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microcell (2.25 mm x 1.7 mm x 30 um), and was mechanically stable during 120 cycles of
operation.[213] These batteries were integrated into an implantable orthodontic system with
near-infrared (NIR) LEDs, which demonstrated the potential for flexible microbatteries to
be used in biomedical microelectronic applications including medical implants, hearing aids,
and wireless sensor networks.[213]1 Another group developed gel-based microbatteries that
were safe, noncorrosive, and nonflammable and demonstrated that they could be used for
low power ingestible and implantable devices.[218] The energy density of these gel-based
microbatteries was 3.94 mAh cm~3, for a total capacity of 0.79 mAh, which is enough to
power ingestible sensors requiring 4.69 mA for 168 h. (OCV 0.7 V, 7 mm x 7 mm)

Figure 3 summarizes the major challenges of developing batteries for implantable/ingestible
biomedical electronic devices and corresponding examples of technology that address these
issues.

3. Energy Harvesting to Power Biomedical Electronic Devices

Different locations and organ systems in the human body have access to different types

of energy sources, such as mechanical, chemical, and electromagnetic (EM) energies.
Mechanical energy generally refers to the energy associated with the motion and position
of an object. The contraction of muscles is a form of mechanical energy; most mechanical
energy sources within the body are low in frequency (below 10 Hz). Ultrasound, which is a
type of mechanical energy that can be produced artificially, has a frequency range between
20 kHz and 20 MHz. Chemical energy is potential energy stored in the bonds of chemical
substances. This energy can be released by undergoing a chemical reaction. Molecules or
ions that can act donate or accept electrons can be used as chemical energy sources; glucose,
ethanol, and hydrogen ions are examples of electron donors or acceptors that are naturally
found in the body.

These energy sources can be classified into endogenous or exogenous energy sources based
on how they are produced. Endogenous energy is naturally existing energy inside the body,
while exogenous energy is artificially generated from human or external system activities.
The circulatory system includes the endogenous mechanical energy of the heartbeat and
blood flow and the chemical energy of blood glucose. The contraction and relaxation of the
diaphragm generate mechanical energy in the respiratory system. In the Gl tract, or digestive
system, gastric motility can be a mechanical energy source. Endogenous chemical energy
sources include glucose that is present in the brain’s cerebrospinal fluid (CSF) and the
interstitial fluids. The pH gradients and nutrients present in Gl fluid also possess chemical
energy. Bioelectrical energy is another type of endogenous energy, which is a result of the
electrochemical gradient found across cell membranes; it is actively maintained by energy
(ATP)-consuming cell membrane ion pumps. In mammals, the largest direct current (DC)
electrochemical potential can be found in the cochlear endolymphatic spaces, and ranges
from 70 to 100 mV. Normally, part of these energies are used to operate and maintain the
body, but a large portion of remaining energies are lost to the surroundings through heat

or other types of energy. These energies can be collected and converted to electrical energy
to power in-body electronics: this is called energy harvesting. If devices are implanted at
the locations where there are no accessible endogenous energies, exogenous energies in the
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form of ultrasonic or electromagnetic waves can penetrate through the biological barriers
and wirelessly deliver the energies to the devices: this is called energy transfer, which will be
discussed in Section 4.

Figure 4 shows available energy sources present inside and outside the body as well as
clinical applications that can be powered by these energy sources, and Table 4 summarizes
the amount of energy available from the endogenous and exogenous energy sources shown
in Figure 4. Employing suitable energy harvesting or transfer methods will empower
sustainable ways to power in-body electronics.

Mechanical Energy Harvesting and Energy Sources

3.1.1. Mechanical Energy Harvesting Methods

Piezoelectric Energy Harvesters: Piezoelectric effect is the phenomenon of conversion
between mechanical vibration and electrical charges in piezoelectric materials such as
quartz, topaz, cane sugar, zincblende, tourmaline, and Rochelle salt.[23%] Applying an
electrical voltage to a piezoelectric material will generate a change in its geometry—it will
either expand or contract: this is called the converse piezoelectric effect. In addition, when
a mechanical stress is applied to a piezoelectric material, it will generate an output voltage
that is directly proportional to the amount of pressure applied: this is called the direct
piezoelectric effect (Figure 5b).[239-241] Due to the direct piezoelectric effect, piezoelectric
material-based energy harvesters, or piezoelectric nanogenerators (PENGS), can convert the
mechanical energy present in small vibrations into electrical energy.

The piezoelectric phenomenon is often associated with non-centrosymmetric crystalline
materials: synthetic poly(vinylidene fluoride) (PVDF) and vinylidene fluoride (VDF)
copolymers have some of the highest piezoelectric coefficients among polymeric materials.
[240-242] Amorphous polymers can also be piezoelectric; however, their piezoelectric
mechanism differs from that in semicrystalline polymers and inorganic materials. To exhibit
piezoelectric activity, amorphous polymers must have dipoles present in their polymer
chains that are able to rotate and align in the direction of the poling electric field. This
process usually occurs when the temperature of the polymer is greater than its glass
transition temperature ( 7g), during which the polymer chains are adequately mobile so that
their dipoles can align in the direction of the applied poling field. A partial orientation of
the dipoles can be achieved by lowering the temperature below the 7 in the presence of an
electric field, which gives rise to a remanent polarization in the direction of the electric field,
and, consequently, induces piezoelectricity in the polymer.[243]

Due to the nature of the piezoelectric activity in amorphous polymers, electroactivity is
only observed below 7, when the chains are “frozen” and a cooperative movement of

the backbone atoms in the polymer is restricted. Above 7, there are cooperative and
segmental movements of the polymer chains which cause depolarization to occur; as a
result, amorphous polymers are not electroactive at these temperatures. In semicrystalline
polymers like PVDF and its copolymers, the lock-in of the polymerization is supported by
the crystalline lamellar structure of the polymer, and for that reason the piezoelectricity is
stable above the 74, and up to the Curie temperature ( 7).[24%]
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The piezoelectric effect can be quantified by the piezoelectric coefficients (dl,), which is
defined as the ratio between the induced or applied electric polarization and the applied
mechanical stress or induced strain of the piezoelectric material. The subscript letter

“X” represents the direction of the applied mechanical stress or induced strain of the
piezoelectric material, and )’ represents the direction of the induced or applied electric
polarization. The axes to define the piezoelectric coefficients are shown in Figure 5a.
The direct piezoelectric coefficients represent the amount of electric charge generated by
the mechanical stress. A piezoelectric material with a higher piezoelectric coefficient will
generate more electrical energy from the same mechanical stress.

Most of the piezoelectric materials that are commonly used for in-body applications can be
categorized into the synthetic or natural polymers. Table 5 lists characteristic piezoelectric
coefficients for the most commonly used synthetic polymers. Biological macromolecules
like poly(lactic acid) (PLA) or poly(3-hydroxybutyrate) (PHB) are piezoelectric under shear
deformation and have coefficients similar to those observed in bone (¢j4 = 0.7-10 pC

N~1): this property has been explored for use in tissue engineering applications.[250.255]
Furthermore, natural polymers and proteins can be used to create biocompatible energy
harvesting devices, which are potentially biodegradable, for on-demand electronic power
sources. Table 6 lists the piezoelectric coefficients of natural electroactive polymers.

PENGs can be worn externally or implanted in the body; they can be used to convert

small mechanical vibrations generated by the human body from activities such as walking,
breathing, or fluxes in biofluids, into energy to power implantable medical devices.[265.266]
The manufacturing process is easily scalable and often compatible with CMOS fabrication
process. PENGs can also be used for flexible and stretchable devices.[267] The lifetime,
reliability, and high energy density of piezoelectric materials make them ideal for use in
implantable energy harvesting devices.

Triboelectric Energy Harvesters: In triboelectric devices, electrostatic charges are
generated when two different materials, which have electrically charged surfaces, are
brought into contact. A typical triboelectric nanogenerator (TENG) consists of two thin
films with opposite tribo-polarity; each film has an electrode attached to its back side. When
the materials come into close contact, charges are transferred between the films leaving

one side positive and the other negative; when the materials are separated, the transferred
charges create a triboelectric potential. This potential then causes electrons to flow in the
electrodes at the back side of the materials. The triboelectric series of the most common
triboelectric materials used for biomedical applications is shown in Figure 6a.

There are four basic modes of operation for a triboelectric generator: vertical separation,
lateral sliding, single electrode, and free-standing. In the vertical separation mode, two
dissimilar dielectric surfaces face each other and the electrodes are located on the back
sides of each surface (Figure 6b). When the dielectric surfaces are brought into physical
contact, the surfaces accumulate opposite electrical charges. Separating the charged surfaces
generates an electric field, which causes a potential difference across the electrodes. In the
lateral sliding mode, two different dielectric surfaces are placed in contact with each other;
the tangential movement of one surface with respect to the other changes the contact area

Adv Funct Mater. Author manuscript; available in PMC 2021 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 18

of the charged surfaces which leads to transverse polarization along the sliding direction
(Figure 6c). This polarization creates an electric potential, causing electrons to a flow
between the two electrodes.[268.269]

The single electrode mode is similar to the vertical separation mode in the direction

of relative motion, but the two moving parts are not electrically connected (Figure 6d).

One of the maving parts is a dielectric layer and the other is an electrode. Separating

the dielectric layer from the electrode generates an electric field which induces a current
between the electrode and ground.[268.269] This mode is widely used for mobile applications
like walking, where it is difficult to electrically connect dielectric materials to an external
load.[268] Finally, in the free-standing mode, two identical electrodes coated with a dielectric
material are in contact with a sliding dielectric surface, in which triboelectrification and

electrostatic induction causes a cyclic movement of charges between the electrodes (Figure
6e).1268.269]

Wang and co-workers first developed TENGs in 2012 and demonstrated their ability to
output high voltages and harvest energy from a variety of vibrational sources.[276-279]
There are many advantages of using triboelectric generators including high output

voltages, efficiency, simplicity in their structural design, high versatility in their design

and fabrication, stability, and low environmental impact.[280-283] While PENGs are better
at harvesting energy for high-frequency vibrations, TENG devices are more efficient at
converting mechanical energy at frequencies below 4 Hz to electrical energy, which enables
them to scavenge energy from the low frequency movement of the human body such as

GI motility.[280.284] TENGs are a promising energy harvesting technology and could soon
allow the conversion of mechanical energy from human motion, like walking, typing, and
breathing, into useful electrical energy in order to power small electronic devices for various
healthcare application.[285.286]

Electrical Generators: An electrical generator is a device that converts mechanical energy
to electrical energy; it consists of a coil of wire surrounded by an array of permanent
magnets; an external mechanical force drives the relative movement between the coil of
wire and the magnets (Figure 7). The magnetic flux experienced by the coil changes as
either the coil or the magnets move, causing electrons to flow through the wire according

to Faraday’s law.[287] The first electrical generator was developed by Michael Faraday and
consisted of an electrically conductive disk that could be rotated between magnets to induce
a current to flow through a wire (Figure 7c).[288] This type of homopolar generator, also
called the Faraday disk, can generate DC without rectifiers or switches, while other types of
electrical generator can produce only alternating current (AC). Today, there are many types
of electrical generators but the basic principle is the same. The relative movement between
the coils and magnets can be linear (Figure 7a) or rotation (Figure 7b), and movement can
be induced by various types of motion such as vibrational, shaking, fluid flow, and swirling
vortices.[289-291] The ability of an electrical generator to produce power from a variety

of mation types would be especially advantageous when harvesting energy from human
motion, which has many different modes and velocities.[”] Also, there is no mechanical
contact between the moving parts of the device, which enhances the viability and durability
of the system by reducing mechanical losses due to friction.[287] Efforts have been made to
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harvest energy from a variety of motions produced by the human body such as abdominal
movement, body vibration, and walking.[292-294] However, the power output range of this
type of generator is highly variable and depends on the size of the device; it is also less
efficient for low frequency movements. Most electromagnetic induction energy harvesters
are implemented for wearable devices,[294] and there are only few examples of implantable
electromagnetic induction energy harvesters reported in the literature.

Automatic Wristwatch Systems (AWSs): The AWS, also known as an automatic power-
generating system, automatic generating system (AGS), or mass imbalance oscillation
generator (MIOG), is a type of self-powered watch that uses wrist motion as the power
source. Figure 8 shows the working principle of this device as a biomechanical energy
harvester. When external movement causes an eccentric weight to oscillate, a mechanical
rectifier transforms this oscillatory movement into a unidirectional rotation; this rotation
winds a spring to temporarily store mechanical energy. When the torque reaches the detent
torque of the generator, the spring unwinds which drives the electrical generator. This
generates an electrical impulse with duration of a few milliseconds. When the spring is
completely uncoiled, the whole process is repeated. The amount of energy produced by
one electrical impulse depends on several parameters including spring stiffness, transmission
gear ratio, and load resistance.[295] For example, the oscillation weight needs to be deflected
about 2.5 rad in order to generate one electrical impulse, and the induced electrical impulse
yields an average of 66.0 pJ (+10.7 pJ).[295] Furthermore, the energy conversion efficiency
of an AWS is significantly affected by its coupling to a mechanical energy source: the
original vibration of the mechanical energy source will be significantly dampened if the
device is not tightly fixed to the mechanical energy source at the right tilting angle.[29%]
This system is commonly used in a wristwatch and the fabrication cost is relatively low.
However, like an electrical generator, it is large and bulky compared to other mechanical
energy harvesters. This is because it relies on a pendulum configuration which becomes
insensitive to mechanical motion if the size is reduced. Researchers have used the energy
transforming mechanism of the automatic wristwatch to harvest mechanical energy in vivo
from cardiac contractions.[2%]

3.1.2. Endogenous Mechanical Energy Sources and Corresponding Energy
Harvesting Methods

Heartbeat and Blood Circulation in the Circulatory System: The circulatory system

is responsible for transporting nutrients to and removing waste materials from cells in the
body. From an energy harvesting perspective, the energy accessible in this system exists
either in the form of mechanical energy from the contraction of the heart and the flow and
pulses of blood, or in the form of chemical energy from the nutrients being transported in the
circulatory system. The cardiac output power for an adult at rest is estimated to be around
0.93-1.4 W; the typical cardiac frequency, or intrinsic heart rate (IHR), for an adult at rest is
60—120 bpm.[297.298] The output power and frequency of a beating heart can vary depending
on numerous factors including fitness and activity level, smoking status, cardiovascular
health, metabolic health, ambient air temperature, body position, emotional state, body

size, and medication use. The mechanical energy present in blood vessels depends on the
dynamics of the blood flow. The cardiac cycle of the heart causes a cyclic change in blood
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pressure, which ranges from a maximum pressure while the heart is contracted, called
systolic pressure, to a minimum pressure between contractions, called diastolic pressure.
The systolic/diastolic blood pressure (SBP/DBP) range can vary depending on age, but

the normal ranges are 90-120/60-80 mmHg for SBP/DBP.[299:300] The velocity of normal
human blood flow, which can be measured by 4D flow MRI, varies with age, cardiac
output, and anatomical site.[23%] The average blood flow rate in the ascending aorta is 50-75
cm s~1 and peak systolic velocity can be up to 100-150 cm s71.[230] Devices implanted
close to the heart, such as pacemakers, implantable cardioverter defibrillators (ICD), or
electrocardiogram (ECG) recorders, can potentially be powered from these mechanical
energy sources. PENGs, TENGs, electrical generators, and automatic watch harvesters show
promise in their ability to harvest energy from vibrational sources in the circulatory system.

One device, developed by Dagderiven et al., was able to harvest enough mechanical energy
from the movement of the heart to continuously power a pacemaker; the monolithic and
flexible system used lead zirconate titanate (PZT), a piezoelectric material, to harvest
energy (Figure 9a).[301] Other piezoelectric materials are also being explored to convert
the mechanical movement generated by the circulatory system into useful electrical energy.
Piezoelectric ceramics like PZT and piezoelectric single crystals like PZN-PT and PMN-PT
have high piezoelectric coefficients and electromechanical coupling factors; however, they
contain lead, which is toxic and unsuitable in implantable energy harvesting applications.
[302] Furthermore, they are brittle, which creates additional manufacturing challenges since
PENG devices should ideally have some degree of flexibility so that they can be attached
to soft tissues like the lungs or the heart without creating damage on either the devices or
the organs. To overcome these obstacles, new scavenging devices based on piezoelectric
polymers and polymer-based TENGs are being explored for energy harvesting applications
to power the next generation of implantable medical devices.

Ouyang et al. developed an implantable TENG device that harvests energy from cardiac
motion to power cardiac pacemakers (Figure 9b).[393] This TENG device was able to
generate a maximum energy of 0.495 pJ from each cardiac cycle, which is enough to
stimulate the heart to beat (the endocardial pacing threshold energy in humans is 0.377
pJ).[3041 In another study, an implantable and biocompatible multilayered TENG attached
to a porcine adult heart was able to achieve a maximum electrical output voltage of 14 V
and a current of 5 pA from each heartbeat cycle.[3%5] This TENG device was able to power
a cardiac monitoring system developed for a real-time remote health assessment. Another
group developed a self-powered and multifunctional implantable TENG sensor made of
electrodes, spacers, and triboelectric films packed with biocompatible polymer layers; this
sensor was able to monitor multiple pathological and physiological parameters continuously
and accurately. When tested in large-scale animals, the TENG sensor accurately monitored
heart rate, detected arrhythmias, and measured respiratory rates and phases.[306]

Several studies have used automatic watch energy harvesting systems to harvest vibration
energy from the heart. The first in vivo demonstration of such a system was realized in
1999 on the right ventricular wall of a mongrel dog.[74] More recent studies, which used
computational and MRI-based analysis to optimize coupling between the heart motion and
the AWSs, have led to higher energy conversion efficiencies and power outputs (Figure
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9c).[295.307] The power output harvested by AWSs ranges from 16.7 to 44 pW and the
approximate conversion efficiency is 16.8%.[74.295.307] Since the power consumption of a
low-power cardiac pacemaker can be reduced to 8 pW, AWSs could power pacemakers by
harvesting energy from the heart’s motion.[308]

Electrical generators have also been proposed to harvest energy generated by blood flow.
[289,309-312] | one study, an electrical generator was designed to allow blood to flow through
a housing to drive the rotation of a rotor (Figure 9e).[3091 When the rotor, which contained
permanent magnet bars, rotated inside the housing, which contained four pairs of coils,
electricity could be generated. The conversion efficiency of the device was 1.04% with a
maximum electrical power output of 3.4 mW at a blood pressure drop of 54.75 mmHg and a
blood flow of 2.68 L min~L. The device had a diameter of 23 mm and a thickness of 10 mm.
This electrical generator was rigid and bulky compared to PENG and TENG devices, which
can be flexible and thinned down to 100 um.[391.305] These energy harvesters are not only
able to power cardiac electronic implants but could also be used to power blood pressure
monitoring systems.

Breathing Motion in the Respiratory System: The respiratory system is the group of
organs and tissues that are responsible for gas exchange. One way to access mechanical
energy during respiratory motion is through the change in airway pressure during inhalation
and exhalation. This pressure varies depending on the lung volume: the approximate
maximum pressure for females is 66 cmH,0 and for males is 102 cmH,0.1313] The most
ideal location to place an energy harvester is near the diaphragm, which is the muscle that
induces the contraction and relaxation of the lungs. The power output of the diaphragm is
estimated to be 0.41 W.[194] The normal respiratory rate is 12-20 bpm for an adult at rest.
[314,315] The energy harvested from the diaphragm could be used to power nearby devices
such as a pacemaker or a subcutaneous drug delivery system.

The cyclic movement of the lungs and diaphragm makes them desirable places to harvest
mechanical energy and convert it into useful electrical energy to power small biomedical
devices. Dagdeviren et al. developed a device made from flexible piezoelectric PZT
elements, rectifiers and microbatteries to store energy harvested from respiratory movements
(Figure 10a).[302] A mechanical-to-electrical energy conversion efficiency of ~2% was
achieved in in vivo experiment. The overall energy generated was enough to power
pacemakers without being assisted by external batteries.

Zheng et al. introduced the first application of an implanted triboelectric nanogenerator
(iTENG) that harvested energy from the mechanical movement of breathing to directly
drive a pacemaker (Figure 10b).["7] The energy harvested by the iTENG was stored in

a capacitor which powered a pacemaker that regulated the heart rate of a mouse. This
approach demonstrated the feasibility of scavenging biomechanical energy and converting
it to useful mechanical energy and represents a milestone in the pursuit of a completely
self-powered implantable medical device.

In another study, an electrical generator with two linear permanent magnet arrays was
developed to harvest energy from respiration (Figure 10c).[292] The device, which consisted
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of four pairs of permanent magnets and a coil loaded on a spring, was designed to harvest
the mechanical energy from the diaphragm muscle in the abdominal wall. Vibration caused
the coil loaded on the spring to move relative to the magnets that were fixed on the platform,
which generated electrical power. The total volume of this device was 27.9 cm3. At its
resonant frequency, which was 0.3 Hz, the device reached its highest efficiency and had

a maximum power output voltage of 1.5 V. With an external load of 1 kQ, the maximum
power output was 1.1 mW.

GI Motility in the Digestive System: In the Gl tract, there is a wide range of mechanical
motion that aids in the passage, mixing, and mechanical digestion of ingested foods. At a
fundamental level, this mechanical motion arises from the smooth muscle cells present in
the lining of the gut; these cells can depolarize, triggering an influx of Ca2* which activates
tropomyosin, resulting in cell contraction.[318] The selective contraction of cells results in
the endogenous activities of the Gl tract. In general, the GI wall consists of several layers of
mucosa, muscle, and connective tissue (Figure 11a).[3171 Of particular interest are the layers
of radial and longitudinal muscle which contract together to generate mechanical motion for
enabling peristalsis, or the passage of food, as well as segmentation, which is the mechanical
digestion of the food bolas.

The current clinical standard for measuring Gl mechanical motion is to use manometry,

in which pressure waves generated by Gl contraction are measured by a pressure-sensitive
catheter. Manometry studies have been extensively conducted in most regions of the Gl tract
in humans including the esophagus, stomach, small intestine, and colon, and the measured
pressure amplitudes and waveforms can be used to represent mechanical activity (Figure
11b, Table 7).[320-324] E|ectrical impedance and electrogastrogram measurements have also
been used to characterize GI motility, but their use is less widespread clinically.[318:325]
Electrical measurements can be used to characterize GI motility because the extracellular
potential of smooth muscle cells in the Gl tract changes during contraction, which is called
the slow-wave or basal electrical rhythm (Figure 11c, Table 7).[319.326]

Each section of the Gl tract has its own unique mechanical characteristics, which depends
on its particular function. Food first enters the esophagus, which functions to transport food
into the stomach for digestion. The oral end of the esophagus contains striated muscle which
can be controlled directly by the central nervous system (unlike the majority of the Gl tract),
while the lower end contains primarily smooth muscle which undergo distension-induced
peristalsis to transport the food bolus to the stomach.[328] Since the top end of the esophagus
is under voluntary control, it is not a desirable location for device placement; however,

the distal end of the esophagus has been demonstrated as an acceptable location for the
placement of electronic sensors.[320] The peristalsis in the esophagus is divided into two
phases: in Phase I, the esophagus expands its luminal diameter to allow the passage of food;
in Phase 11, the esophagus contracts and the luminal diameter is reduced.[332] When an adult
swallows 5 mL of water, the luminal radius of the esophagus can expand from 3.5 to 12 mm
during the Phase | distension. The wall thickness drops from 5 to 3 mm and the pressure
drops as well. Afterward, in Phase Il contraction, the luminal radius goes back to 3.5 mm.
The wall thickness increases from 3 to 6 mm. After Phase Il contraction, the wall thickness
goes back to its original thickness. Since a typical human esophagus is 180-250 mm in
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length and esophagus transit time for liquid is around 8 s, the velocity of digested food or
liquid is 22.5-31.25 mm s~1,[332.333]

The stomach is a j-shaped muscular organ containing the fundus, corpus, and antrum,

all which have separate mechanical activities. The fundus, the region closest to the
esophagus, relaxes and distends to allow food to enter, while peristaltic contractions occur
circumferentially, from the corpus to the antrum, which allows the food to mix with
digestive juices and be transported through the pylorus into the small intestine.[3341 Given
these properties, the corpus could be a potential source for harvesting mechanical energy.
Notably, the stomach contains three types of muscle layers: radial, longitudinal, and oblique.
Oblique muscle layers aid in the mechanical digestion of food via grinding. The small
intestine contains three separate parts: the duodenum, which releases additional digestion
enzymes and is connected to the stomach by the pylorus; the jejunum, which is responsible
for the absorption of sugars, amino acids, and fatty acids; and the ileum, which absorbs
any remaining nutrients. Mechanical motion in the small intestine aids in the digestion and
absorption of nutrients.

The stomach and small intestine together as a system undergo state changes between

an active “interdigestive state” and a more passive “fed state.” During the interdigestive
state, in the period between meals, a migrating myoelectric complex (MMC) passes

along the stomach, small intestine, and large intestine every 80-110 min.[33%] When

it passes an individual segment, that region undergoes intense contractions of variable
frequencies ranging from 2-3 contractions per minute in the antrum of the stomach to 11-12
contractions per minute in the duodenum.[33%] Following MMC contractions (termed Phase
I11), the region undergoes a period of lower activity (Phase V), followed by quiescence
(Phase 1), and then irregular contractions (Phase 1), before returning to intense activity.
During the “fed state,” the MMC cycle disappears, but irregular phasic contractile activities
continue in the stomach and small intestine. In the lower part of the stomach, the contraction
is called antral contraction waves, which are controlled by electrical slow waves generated
by the interstitial cells of Cajal.[334] The slow waves originate from the mid part of the
corpus at the greater curvature and propagate toward the pylorus.[33¢] Slow waves, which
have been measured via electrical mapping, have a frequency of around three cycles per
minute and a propagation velocity of around 3 mm s~1. In the small intestine, the contraction
propagates at a velocity of about 0.25 cm s~ and the duration of each contraction is around
5 5.13371 When the contraction happens in the stomach, the lumen wall squeezes the liquid

in the stomach and produces a retropulsive jet, which can reach a peak velocity of 5 cm
s71.1338] |t is worth noting that the velocity of the liquid passing through the pylorus is an
order of magnitude higher than in other parts of the Gl tract. In a human subject experiment,
it was shown that 45 min after taking 800 mL of a 5% glucose liquid, 40% of the liquid
meal was left.[338] Assuming the pyloric ring has a diameter of 1 cm, the average velocity of
liquid passing through the pylorus is 0.23 cm s71 if the secretion/absorption in the stomach
is neglected.[339]

The large intestine extracts water and salts from the waste that passes through the small
intestine. The large intestine undergoes periodical low amplitude motions at a frequency
of ~1 min~1 as measured by manometry; this motion has been hypothesized to induce
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segmentation and optimize the extraction of water and salts via continuous mixing.[324:330]
The large intestine also undergoes mass movements, also known as giant migrating
contractions, which occur once or twice per day during which sudden, uniform peristaltic
contractions rapidly push feces toward the rectum to be emptied. In one study, which
recorded pressure waves for 24 h using manometry with a sampling resolution of 1 cm,
antegrade pressure waves occurred 73 times while retrograde pressure waves occurred 144
times.[340] The average propagation speed of the contraction waves inside the colon is 25
cm min~L.1341] Depending on the phase of contraction and the viscosity of the feces, the
maximum antegrade volume flow rate can be as large as 34 mL s1.1342]

There are only a few reports within the literature about harvesting mechanical energy

from the Gl tract. In one study, a flexible implantable triboelectric nanogenerator was
attached to the surface of the stomach; it was used to stimulate gastric nerves in order to
reduce food intake and achieve weight control (Figure 12b).[93] The electrical pulses were
generated in response to the peristaltic movement of the stomach, which were delivered to
the vagal afferent fibers. In another study, a flexible piezoelectric device was delivered to the
stomach for gastric motility sensing; this principle could be repurposed for power generation
(Figure 12a).1343] The corpus of the stomach is an ideal location for harvesting energy:

its large volume enables devices to reside there without obstructing flow and it undergoes
significant distension (from 15 to 1500 mL), which can be a source of mechanical energy
for a piezoelectric or triboelectric generator.[334] The fluid flow in the esophagus and the
retropulsive jet in the stomach near the pylorus are two mechanical energy sources that are
worth further investigation. In addition to the stomach, parts of the small intestine or the
distal end of the esophagus could be potential candidates for harvesting energy, due to their
relatively high contraction frequency. However, there are still significant challenges to be
overcome in order to harvest mechanical energy from the Gl tract. Devices must be designed
to minimize obstruction and must not significantly alter the function of organs. Furthermore,
they need to conform to the surface of the target organ in order to optimize mechanical
coupling and energy transfer; mechanical energy harvesting in other organs is relatively
inefficient (21%), and consequently their applicability is limited to electronics with low
power requirements.[392] Additionally, motion in the Gl tract tends to be irregular, dependent
on feeding patterns and food bolus transition, and the direction of mechanical contractions
is unpredictable, especially in the stomach, since it is designed to mix and break down food.
Even though mechanical energy remains an abundant energy source in the Gl tract, there are
considerable challenges to harvesting it.

Table 8 summarizes recent studies which have implemented in vivo mechanical energy
harvesters that scavenge energy from various mechanical energy sources inside the body.

3.2. Chemical Energy Harvesting and Energy Sources

3.2.1. Chemical Energy Harvesting Methods

Galvanic Cells: A galvanic cell, also known as a voltaic cell, is an electrochemical cell
that derives electrical energy from redox reactions. It is a building block of today’s battery,
which is comprised of single or multiple galvanic cells. A galvanic cell consists of two
electrodes, the electrolyte, and the salt bridge or membrane (Figure 13a). The electrodes,
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where the substances are oxidized or reduced, are called the anode and the cathode,
respectively. When the anode and cathode are electrically connected, the electrons flow
from the anode to the cathode, which enables the redox reactions to continue to occur at
each electrode. This electron flow is electrical energy which has been converted from the
chemical energy stored in the redox substances.

The voltage generated from a galvanic cell is determined by the chemical potential
difference between the redox reactions at the anode and cathode. The standard reduction
potentials of typical redox reactions at the anode and cathode are listed in Figure 13b. In
practice, the cell voltage is governed by the extended version of the Nernst equation, in
which the cell voltage is a function of not only the concentration of the active substances
and the temperature, but also the current, overpotential, and inner resistance of the cell.

The magnitude of the current flow from the cathode to the anode depends on the number

of chemical substances oxidized or reduced at the surface of electrodes. Overpotential is

the potential difference between the thermodynamically determined reduction potential and
the experimentally observed potential of a half-reaction.[346] In other words, it is additional
energy required for the reaction to occur. There are three common forms of overpotential:
activation overpotential, which is activation energy required to transfer an electron from an
electrode to an analyte; concentration overpotential, which is caused by the depletion of
charge carriers at the electrode surface; and resistance overpotential, which is affected by the
conductivity of the electrolyte and geometry of the cell. Thus, to maximize power output,

a galvanic cell should be designed with the following characteristics: a large potential
difference between the reduction potential of the anode and cathode, a high concentration of
chemical substances, a large surface area, a short distance between the electrodes, and highly
conductive electrolytes.

When the electrodes of a galvanic cell are in contact with physiological fluid, chemicals

in the fluid can be leveraged as either redox substances and/or electrolytes. The chemical
substances in human physiological fluid are sometimes called biogalvanic energy sources
and an electrochemical cell that uses human physiological fluid is called a biogalvanic cell.
Hydrogen ions and oxygen in gastric juice or interstitial fluid can be utilized as reducing
substances for the cathode of a biogalvanic cell. Biocompatible and benign metals, such

as Mg, Zn, Fe, W, Mo, and AZ31B Mg alloy, are the most common materials for the
anode; inert metals, such as Au, Pt, Pd, and Cu, are commonly used for the cathode.[347]
The oxidized form of a metal such as CuCl can also be used for the cathode.[39] In a
biogalvanic cell, the salt bridge or membrane is often omitted for a simpler and more
compact design. A biogalvanic cell can continuously harvest a large amount of power

once it contacts the redox fuel but several limiting factors can potentially deteriorate its
performance. The power output of a biogalvanic cell is highly dependent on the fluid
composition, which often varies with external conditions such as food intake and circadian
rhythm.[78] The diffusion rate of the reducing substances can be decreased due to protein
absorption, biofouling, or anodic-corrosion deposits on the cathode.[348] To mitigate this
effect, one can introduce semipermeable coatings to the electrodes, which restrict diffusion
of external contaminants without preventing diffusion of redox substances to the electrodes.
The lifetime of a biogalvanic cell is determined by both the anode oxidation rate and the
anodic corrosion rate: the anode oxidizes and dissolves into the physiological fluid as a cell
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generates energy. Consequently, a commercial product that utilizes a biogalvanic cell as its
power source is limited to short-term use: for instance, ingestible event markers.[3%] The
cell life can be prolonged by increasing the amount of anode metal and limiting the anodic
corrosion products.

Biofuel Cells: One promising endogenous energy source that can be used to power
electronics are biological molecules, in the form of carbohydrates and fats, which the human
body naturally utilizes to store and transport energy. Converting this chemical energy into
electricity for powering biomedical devices can be accomplished via oxidation/reduction
reactions involving the biomolecules. Biofuel cells operate based on this principle: the
target load is connected to an anode and a cathode and the biomolecular fuel source

is oxidized at the anode, which drives electron transfer; oxygen reduction occurs at the
cathode.[349-352] Glucose is a common fuel for these biofuel cells, since it is relatively
abundant and continuously replenished in the body. The oxidation/reduction reaction of
glucose and oxygen provides a theoretical cell voltage of 1.24 V for complete oxidation
and 1.18 V for oxidation to gluconic acid. However, the observed voltage is significantly
lower in physiological conditions (0.1-0.7 V) and must be increased via the use of a boost
converter or by connecting multiple cells in series to be able to provide voltages sufficiently
high to power conventional electronic systems.[71:353-355]

Biofuel cells can be classified into three separate types, depending on the mechanism

which enables oxidation/reduction: 1) abiotic fuel cells, which use inorganic mediating
species (Figure 14a); 2) enzymatic biofuel cells (EBFC), which use biological enzymes
such as glucose oxidase or lactase to catalyze the breakdown of the biological fuel and
enable electron transfer (Figure 14b); and 3) microbial fuel cells (MFCs) which utilize
electrochemically active microorganisms, which donate electrons from their surface after
consuming biofuel (Figure 14c). Abiotic fuel cells have been demonstrated in implantable
devices in dogs and used extracorporeally in sheep; however, low current densities and
undesirable side reactions on the electrode surfaces resulted in overpotential issues which
limited voltage output.[3%6] More recently, enzymatic fuel cells have been miniaturized and
were demonstrated in vivo with a variety of different materials and enzymes (Table 10)
where the enzyme was immobilized physically or mechanically on the electrode. Enzymatic
fuels have been demonstrated for both short-term and long-term implantation in invertebrate
organisms including snails, lobsters, clams, and insects, as well as in mammals such as

rats and rabbits (Table 10) [76:353,354.357-362] \pjcrobial fuel cells have been proposed

for implants but are currently too large for in vivo applications and require that the
microorganisms from the surrounding environment be maintained and segregated. Another
notable limitation of biofuel cells is their reliance on local concentrations of oxygen at the
anode: current density may be limited by oxygen diffusion and local oxygen depletion could
further exacerbate any fibrosis caused by the implant and may induce hypoxia in the tissue
surrounding the implant.[363]

3.2.2. Endogenous Chemical Energy Sources and Corresponding Energy
Harvesting Methods—As shown in Figure 4, chemical energy sources such as glucose
and electrolytes are distributed throughout the human body. Once glucose is absorbed from
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food in the digestive system, it is transported throughout the body by the circulatory system.
Physiological fluids also contain various dissolved ions, which are essential nutrients for the
body to function.

Blood Glucose in the Circulatory System: About 4 g of glucose circulates in the
bloodstream in a 70 kg human adult; blood glucose concentration ranges from 4.5 x 1073
to 10 x 1073 m, depending on the prandial state.[231] Glucose also exists in the form of
glycogen in the liver (100 g) and in the muscle (400 g).[3641 If 1% of this available energy
(5.04 g of glucose, 20 kCal of energy) is used in a biofuel cell, which operates at an
efficiency of 1%, the biofuel cell would be able to provide 77.50 mAh of capacity at 3 V.
This compares favorably with coin cell batteries, which have capacities of 10-500 mAh at
1.5-3.7 V, since blood glucose can also be replenished from ingestible foods.

Biofuel cells have been implanted into animals, such as lobsters, clams, and snails, where
they successfully harvested energy from the hemolymph, a fluid equivalent to blood for
invertebrates.[353.357.358] Fyrthermore, several studies have demonstrated the use of biofuel
cells for harvesting energy from mammalian blood under in vitro conditions as well as ex
vivo via an extracorporeal arteriovenous shunt in sheep.[365] One study demonstrated that /y,
and peak power levels in biofuel cells implanted in the thoracic vein were noticeably higher
than biofuel cells implanted in other locations (Figure 15b, Table 10).[366] This is possibly
because the circulatory system contains a higher glucose concentration and blood flow and
oxygenation mitigates local oxygen depletion.[368] However, the scarcity of implants that
harvest energy from the bloodstream may be due to the potential for such devices to induce
scarring, cause damage, or obstruct the blood flow. These issues are not insurmountable:
recently, flexible electronics used for the placement of “smart” catheters and stents have
been developed which can operation in vivo over the long-term without inducing obstruction
or damage.[367:368] These advances demonstrate that harvesting energy from the circulatory
system to power self-contained implantable electronics is feasible.

Glucose in Cerebrospinal Fluid of the Brain: Electrical sensors and stimulators integrated
within the brain can be used to study the biological basis for perception, memory, learning,
and other higher-order brain functions.[36%] From the clinical perspective, implanting neural
stimulators for deep brain stimulation is an effective treatment for tremors resulting from
Parkinson’s disease or other mobility and affective disorders. Also, brain—-machine interfaces
have the potential to be used to control prosthetic limbs. Given the relative ease with which
the brain can be physically accessed, these devices have traditionally been powered by a
transcranial physical tether with replaceable batteries; more recently, wireless power transfer
(WPT) strategies have been used. Harvesting endogenous energy from glucose in the brain
could provide an alternative strategy to power these devices: according to measurements
made using 13C magnetic resonance spectroscopy, the plasma glucose level in healthy
human brains is between 4 x 1073 and 25 x 1073 m and it is well known that ~20% of the
body’s glucose-derived energy is used in the brain.[232-234]

Researchers have demonstrated the in vitro viability of using an abiotic biofuel cell
to harvest energy from artificial cerebrospinal fluid.[37%] A separate research group
demonstrated the acute implantation of an enzymatic glucose biofuel cell into the brain
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of a rat, which achieved a power density of 2 yW cm™2 (Figure 15a).1372] Interestingly,

the authors of this study noted that when a barbiturate was administered to the animal, the
open-circuit voltage (V4c) dropped by 50%; they hypothesized that this drop was the result
of the cession of blood flow, which consequently depleted oxygen around the implanted
tissue. Currently, the low power density achieved, the risks associated with hypoxia of brain
tissue, and the comparative ease of access for wireless power transfer makes biofuel cell
technologies for brain implants undesirable for clinical applications.

Glucose in Interstitial Fluid in the Subcutaneous Space: The abdominal cavity, and
in particular the peritoneal space, is commonly used for biomedical implants; implanting
devices in this space is associated with lower surgical risks and high mechanical stability.
Implantable insulin pumps are commonly placed in the peritoneal space so that it causes
minimal interference with patients’ daily life.[372:373]

The retroperitoneal space has been a popular target for implanting glucose fuel cells,

most likely because it is easy to access for surgical implantation, particularly in rodent
models. The retroperitoneal space contains peritoneal fluid, which has about the same
concentration of glucose as the bloodstream in healthy dogs, cats, and horses; this suggests
that harvesting energy from the retroperitoneal space could be a viable strategy for powering
electronic devices.[3741 However, fuel cells implanted in the retroperitoneal space have not
been able to generate nearly the same power as fuel cells powered by the blood: in one
study, a retroperitoneal space fuel cell generated an order of magnitude less power than
blood-powered fuel cells (Table 10).[361.366] A possible explanation of this disparity is that
power generation is limited by local concentrations of oxygen, which are replenished more
slowly in the retroperitoneal space than in the bloodstream. Nevertheless, for electronics
with lower power requirements, biofuel harvesting from the retroperitoneal space/abdominal
cavity may still be viable, as devices implanted in this region have shown long-term stability
of 10 days to 2 weeks in rats, and up to 2 months in rabbits.[76:354,361]

The interstitial fluids in the subcutaneous space of living organisms can also be the source
of electrolytes and energy for biogalvanic cells. Oxygen and hydrogen ions act as reduction
substrates at the cathode. There are several in vivo studies on implantable biogalvanic

cells from the 1960s, which aimed to power implantable cardiac pacemakers (Figure 17c).
[348,375-378] 71y Mg, Al were used as anode materials and platinum (Pt) black cathode
material. Recently, most of the studies on implantable galvanic cells have been focused

on fabrication techniques to make the galvanic cells thin and flexible or on creating
biodegradable electrode or electrolyte materials.[194.197.379-381] However, galvanic cells that
harness energy from interstitial fluid produce less power compared to those that harness
energy from gastric fluid. This can be potentially explained by the higher pH, or lower
concentration of hydrogen ions, of the interstitial fluid. Additionally, beyond interstitial fluid
adjacent sweat glands in the dermis and specifically sweat has been shown recently to serve
as a potential biofuel for wearable electronics. Though given the location of sweat glands,
this may also serve as a biofuel source for implants.[382-386] Examples of implantable
biogalvanic cells and their features are summarized in Table 10.
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pH and Nutrients in GIF of the Digestive System: The Gl tract contains a complex
mixture of substances, which include electrolytes, nutrients, microbes, hormones, and
enzymes. Among these substances, hydrogen ions and nutrients are the most promising
chemical energy sources. When paired with a redox reaction, they can act as electron donors
or acceptors and convert chemical energy to electrical energy in an electrochemical cell.

An abundant amount of electrolytes is secreted into the lumen of the Gl tract by

different glands, making it a valuable organ system for energy harvesting. Hydrogen ions
have distinctive functions in the stomach: they activate pepsin and destroy potentially
harmful pathogens or bacteria. Hydrogen ions can also act as electron acceptors in an
electrochemical cell to generate electrical energy. The power output will increase as the
concentration of hydrogen ions increases and the GI pH decreases. GI pH varies depending
on the location in the Gl tract, the prandial state, and diet. The approximate mean pH values
for each prandial state in each location are shown in Figure 16 and Table 9. The pH at

the entrance of the Gl tract, in the mouth, and in the esophagus are close to neutral for

both fasted and fed states. The stomach has the lowest pH in the entire Gl tract because
hydrochloric acid is secreted into the stomach by parietal cells in the gastric glands.
Abundant hydrogen ions make the stomach an ideal place for a galvanic cell to harvest
energy. Gastric pH is maintained around 1.4 to 2.1 in the fasted state but it can increase to
between 3 and 7 in the fed state. The upper and lower parts of the stomach can have different
acidity levels, which can be due to swallowed saliva or sporadic duodenogastric reflux.[403]
After the stomach, gastric chyme enters the duodenum and the pH starts to increase due to
the bicarbonate in bile acid. The pH gradually increases throughout the small intestine and
the pH becomes slightly alkaline in the distal ileum. The pH at the upper small intestine is
more acidic in the fed state than in the fasted state due to gastric acid, which is transported
from the stomach. After the small intestine, the pH drops again in the caecum, which is
caused by short-chain fatty acids produced by bacterial fermentation.l4%3] In the distal ileum
and proximal colon, the pH in the fed state is lower than the fasted state due to an increase
in bacterial fermentation activity after meal consumption.[3%8]1 GI pH values also vary from
person to person: usually, a wide range of values are observed.

The Gl tract is responsible for the digestion and absorption of food. Carbohydrates, proteins,
and fats are broken down into simpler forms, such as monosaccharides, amino acids, and
fatty acids, by enzymes and gut microorganisms in different locations. Most nutrients are
absorbed in the small intestine and used as energy sources to power the human body.

But the remaining intraluminal nutrients make the human gut a substantially reductive
environment for enzymes and fermentative microbes. Any biodegradable organic material,
either complex or simple, such as carbohydrates, amino acids, and alcohols can be oxidized
by enzymes or fermentative microbes and used as energy sources for electrochemical cells.
The intraluminal concentration of specific nutrients is determined by the digestion and
absorption rates of the nutrients in each organ. The median values of carbohydrate, protein,
and lipid concentrations in each Gl organ for both prandial states are shown in Figure 18
and Table 10. The amount of nutrients in the intraluminal space tends to stay near the
baseline concentration in the fasted state, but it is highly dependent on the specific meal
composition in the fed state, especially in the stomach and upper small intestine. In one
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study, the carbohydrate and protein content in the stomach was measured to be 49.1-152.1
and 11.2-23.3 mg mL~1 when a liquid meal with a carbohydrate and protein content of 202
and 62 mg mL™1, respectively, was administered.[392] The concentration of carbohydrates,
proteins, and lipids gradually decreases as they are digested into their final metabolites and
absorbed by the small intestine. When the food chyme reaches the colon, the concentration
of proteins and lipids is very low, since the digestion and absorption of proteins and lipids

is mostly completed in the small intestine. However, undigested polysaccharides and starch
can reach the colon: according to one study, ~30% of the carbohydrates that reach the upper
small intestine end up reaching the colon.[393]

In addition to hydrogen ions and nutrients, physicochemical factors also affect the
performance of electrochemical cells (Figure 16 and Table 9). Oxygen acts as an electron
acceptor in the cathode of biofuel cell. Thus, its concentration is directly related to the
power output of the electrochemical cell and is often a limiting factor. The partial pressure
of oxygen decreases along the Gl tract; the colon environment exhibits near anaerobic
conditions. Nitrate or sulfate can also serve as electron acceptors for microbial fuel cells, but
their concentration is usually below 10 x 1073 m. Total osmolality of electrolytes also affects
performance, since electrochemical cells utilizes the intraluminal fluid as its electrolyte.
Lower osmolality will increase the internal resistance of electrochemical cells and, as a
result, the power output will decrease. Osmolality in the fed stomach and upper intestine

is highly dependent on diet: it can vary from 200 to 600 mOsm kg™L. Total osmolality
decreases slightly as one descends in the Gl tract in both prandial states (100-200 mOsm
kg1 in the fasted state and 200 mOsm kg1 in the fed state). The buffer capacity of a fluid
is the amount of an acid or base that is needed to change the pH of a solution by 1. When
the buffer capacity of the intraluminal contents is higher, the electrochemical cell will have
a lower effect on the physicochemical characteristics of the Gl tract. The baseline buffer
capacity of the Gl tract lies in the range of tens of mmol L= ApH=1 but in the fed state, it is
usually two times higher.

Considering the abundant chemical energy that exists in the Gl tract, the most promising
energy harvesting methods are galvanic cells and biofuel cells. There are several studies
that have utilized galvanic cells to harvest energy in the stomach, where hydrogen ions are
most abundant. The idea of utilizing gastric juice as both a chemical energy source and

an electrolyte for the galvanic cell was first proposed in 2008.[404] This proof-of-concept
prototype used zinc as the anode, platinum as the cathode, and a porous ceramic filter

to retain gastric juice. It achieved 2 mW cm™3 of maximum power density in an in vitro
verification test with synthetic gastric fluid that had a pH of Other proof-of-concept in vitro
examples include a flexible Zn/Pd gastric battery that had a surface power density of 8.3
mW cm~2.[405] Mg/Au tablet-shaped cells that had an output voltage of 1.2 V/ successfully
powered ingestible core-body thermometers and transmitted data via a magnetic-field
coupling telecommunication system through pork meat blocks. In another study, edible,
biodegradable, and flexible current sources utilized activated carbon/MnO, as the anode/
cathode pair and gastric juice as the electrolyte.[408] Potentials up to 0.6 V and currents in
the range of 5-20 mA were generated in a 1 m NaySOy4 buffer. The first in vivo device that
demonstrated the ability to harvest chemical energy from the Gl tract was reported in 2015.
This prototype used Mg/CuCl for the electrode pair and used gastric fluid as the electrolyte.
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Upon contact with gastric fluid, sufficient power was generated to allow an integrated
circuit to transmit a signal for 2 s (Figure 17b).[3%] In 2017, an in vivo galvanic cell was
demonstrated to be able to operate for one week. This cell used Zn/Cu as the electrode

pair and the device had an average (surface) power density of 23 pW cm™=2 for an average

of 6.1 days. The galvanic cell was used to power a device that measured and transmitted

the temperature in the porcine Gl tract to an outside receiver (Figure 17a).[78] Even though
galvanic cells have been successful at harvesting energy from gastric juice, there are two
major hurdles that need to be addressed to improve their performance: chemical interference
and lifetime. Integrating semipermeable membranes such as Nafion coatings to galvanic
cells would mitigate the effects of other chemicals such as mucus or albumin which can
change ion diffusion characteristics at the electrode surface.[40%] Extending the lifetime of
the metal anode is key for a prolonged operation of the galvanic cell. In contrast to the
performance of galvanic cells in the stomach, a galvanic cell in the small intestine and colon
can only generate nanowatts of power due to the neutral pH environment.[78]

Even though the abundant chemical energy sources make Gl tract an appropriate place

for a biofuel cell to harvest energy, the application of biofuel cells to Gl tract has not

been sufficiently explored. Very few proof-of-concept studies have been able to harvest
energy from nutrients in GI tract utilizing biofuel cells. To date, we have not found an
example in the literature of an in vivo validation of enzymatic or microbial biofuel cells,

but several in vitro proof-of-concept studies have shown that biofuel cells have the potential
to be used to power implantable/ingestible devices in the Gl tract. While the stomach is
abundant in nutrients in the fed state,[3%] its acidic environment inhibits operation of most
of the enzymes or microbes, so neither enzymatic nor microbial biofuel cells would be able
to efficiently harvest energy in the stomach.[407] Complex nutrients and their metabolites
coexist in the small intestine in the fed state, since the small intestine is the place where final
digestion occurs; therefore, the small intestine is an ideal environment for both enzymes

and microbes. In contrast to the stomach, the neutral or slightly acidic environment of

the small intestine also allows enzymes and microbes to oxidize substrates. One research
group developed a fully edible EBFC, based on biocompatible food-driven materials, which
targeted ethanol in the small intestine (Figure 15d).[387] It had a (surface) power density of
282 uW cm~2 with V¢ of 0.24 V when placed in a pH of 7.4 PBS that contained 500 x 1073
m of ethanol. However, for in vivo implementation of implantable or ingestible EBFCs, there
are several challenges to be solved: the deficiency of electron acceptors needs to be reduced,
enzymes need to be stabilized in the intestinal fluid, and enzymes need to be protected

from gastric acid. Oxygen, the major electron acceptor for a biofuel cell, is scarce in the
small intestine compared to the concentration of electron donors. Thus, the oxygen level
could be a potential limiting factor for power output, even when the intestinal fluid flows

to replenish oxygen. One solution is to increase the surface area of the cathode to mitigate
the effect of oxygen deficiency. Enzyme stability in physiological fluids can be enhanced by
immobilizing enzymes in carbon paste electrodes or by using semipermeable membranes.
Utilizing enzymes and mediators that have optimum pH values that match the pH of the
location in which they operate would be also improve the performance of EBFCs. Biofuel
cells are generally not suitable for the stomach since enzymes can be unstable and denature
in highly acidic environments, but some studies have shown that carbon paste electrodes can
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protect glucose oxidase from a harsh acidic environment and confine enzymes to a nonpolar
environment to a certain degree: after 90 min of incubation in synthetic gastric fluid with a
pH of 1.5, glucose oxidase activity declined only about 50%.[408] Some studies have sought
to deliver enzymatic biofuel cells to the small intestine; pH-responsive enteric coating is
one method that has been used to protect enzymes during passage through the stomach and
only allow exposure to fluid once it enters the intestines.[408] Since the power output of the
EBFCs is dependent on the fuel concentration, it can be used not only as a power supply for
ingestible electronics but also as a self-powered sensor for monitoring intestinal health.

Compared to enzymes, which have specificity to certain molecules, microbes can oxidize

a broader range of substrates. Gut microorganisms catabolize carbohydrates, amino acids,
and some lipids, and produce a variety of metabolites: short-chain fatty acids and alcohols
are produced from monosaccharides; ammonia, branched-chain fatty acids, amines, sulfur
compounds, phenols, and indoles are produced from amino acids; and glycerol and choline
derivatives are produced from lipids.[4%] Some gut microbes, called exoelectrogenic
microorganisms, exhibit extracellular electron transfer (EET), a phenomenon in which
electrons generated by nutrient fermentation are transferred from inside their surface to

the extracellular space. A recent study showed that a large portion of healthy human gut
microbiota is exoelectrogenic.[410] One of the most abundant gut microbes, Faecalibacterium
prausnitzif, which comprises of 5% to 20% of the total gut microbiota, is capable of EET
when it produces butyrate from a carbon-based source.[4!1] Exoelectrogenic gut microbes
could be used for microbial fuel cells since they exhibit excellent biocompatibility; using
the microbes could also reduce the cost of manufacturing implantable medical devices.[412]
Implantable microbial fuel cells that harvest energy from the human colon have also been
tested in several in vitro studies. In 2010, a MFC consisting of immobilized gut microbes

as the cathode and a Pt anode, was investigated for use in the transverse colon (Figure 15¢).
[413] Utilizing nutrients and oxygen in simulated intestinal fluid (SIF) as energy sources, the
MFC was able to generate power after two months of inoculation; it produced V. of 522
mV, a maximum (surface) power density of 7.3 yW cm2, and an average voltage of 308
mV. Moreover, the changes in environmental conditions in the chambers of the MFC did
not have a significant impact on the human body, as demonstrated by an analysis of pH and
dissolved oxygen (DO) values. Another MFC implantable prototype was demonstrated in
2013, which exhibited a maximum (surface) power density of 1.173 uyW cm~2 at a voltage
of 155 mV for over 100 h of operation in simulated colonic content with fresh feces at

a flow rate of 31.2 mL h~1.[388] Using human microorganisms such as white blood cells

or mitochondria for microbial fuel cells has also been suggested as a possibility to power
implantable devices.[414-416] However, an in vivo validation needs to be demonstrated.

To deliver an MFC through ingestible devices, immobilized microorganisms should be
protected from the various environments during its passage through the Gl tract to the colon.
Despite the low partial pressure of oxygen inside the large intestine, studies have shown that
it does not disturb the electricity-generating reactions of colonic microorganisms since most
of them are anaerobes.[413]
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4. Energy Transfer to Power Biomedical Electronic Devices

4.1. Mechanical Energy Transfer Methods: Acoustic Power Transfer (APT)

APT, also called acoustic wireless powering or ultrasonic-based wireless power
transmission, is another novel solution that can be used to power in-body electronics.
Ultrasound, which is also called sound waves or acoustic waves, is pressure waves traveling
through a medium. It has frequencies greater than 20 kHz, which is the frequency of

the upper limit of human hearing.[418] Ultrasound propagates through various media and
transfers energy through mechanical vibrations. Acoustic wireless powering utilizes a
mechanical vibration energy harvester to convert ultrasonic energy into electricity.[41°]

In an ultrasonic power transfer system, the transducer mechanically vibrates to generate
pressure waves; the pressure waves propagate through the human tissue layer, hit the
receiver, and force the receiver to vibrate (Figure 18a).[421] Ultrasound has high directivity:
ultrasonic energy tends to be concentrated in a single direction.[422] To maximize transfer
efficiency, ultrasonic transducers can be designed to focus ultrasound to a focal line or

focal point and the power carried by the ultrasound can be concentrated to a small area

of interest.[423-425] Since ultrasonic imaging is so common, off-the-shelf ultrasonic sources
are easy to access. The most common ultrasound frequencies used in medical diagnostics
range from 3 to 10 MHz, but lower frequency bands are often selected in order to reduce
attenuation.[426-429] |nside the body, ultrasonic waves attenuate less than electromagnetic
waves; however, attenuation is still a significant factor that affects the power transfer
efficiency. The approximate one-way attenuation rate for ultrasound inside the body is 0.5
dB cm~! MHz2; it indicates that low-frequency waves penetrate farther than high-frequency
waves.[430] For instance, 2 MHz waves can travel 30 mm in tissue before losing half of
their power; 2 GHz waves lose half their power after traveling 3 mm. Figure 18b shows

the normalized acoustic power of ultrasound with various frequencies as they propagate
through the tissue. Standing waves, which occur when ultrasound reflects off the surfaces of
a transmitter and receiver, can also affect the transfer efficiency of sound waves.[31] One
way to address this problem is to modify the input ultrasonic frequency when standing wave
formation occurs as demonstrated in the broadband piezoelectric ultrasonic energy harvester
(PUEH).[431] |n the past, ultrasonic receivers were based on mechanoelectrical energy
converters which were usually too bulky and large to be implanted. But flexible and thin
ultrasonic receivers have been developed for biomedical implants, which use piezoelectric,
triboelectric, capacitive, or electrostatic materials, as discussed in other sections.[419.431-436]
The transducer and receiver are equipped with a matching layer and an impedance matching
circuit to ensure that they vibrate at the same frequencies.

Acoustic wireless powering has several favorable characteristics, including high power
transfer and deep penetration.[437] Exposure to ultrasound must be limited since high-
intensity ultrasound can increase body temperature and induce cavitation.[438] The FDA
regulations for the acoustic exposure for imaging can also be used as a guideline for
ultrasonic power transfer.[237] The maximum exposure intensity varies depending on the
part of the body, the duration of exposure, and how the temperature of the body responds
to ultrasound. The FDA has established peak temporal average intensity limits for acoustic
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transfer for different parts of the body, which are listed in Table 11. FDA regulations
allow the transmission up to 190 W cm~2 of spatial peak pulse-averaged power density in
order to deliver power to an implanted device, but more in-depth studies are necessary to
determine the safety and thermal impact of acoustic transfer on the tissue. Nevertheless,
using ultrasound to deliver power to implanted devices has been tested in vivo: a micro-
oxygen generator was successfully powered via ultrasound in mice.[43%] In another study,
devices implanted in pigs were able to be repeatedly recharged via ultrasound over the
course of five weeks.[440]

Ultrasound generated from exogenous ultrasound transmitters can reach most of the organs
inside the human body using safe frequency and power levels, since ultrasonic energy
attenuates far less than EM radiation in tissue.[442] Furthermore, ultrasound does not
introduce a large amount of unwanted power into tissue via scattering or absorption, which
makes ultrasound transmission safer than EM transmission for a given power.[442] The
power threshold for ultrasound in the human body is 72 times greater than that for radio
waves.[441.443] For these reasons, ultrasound technologies have been used for diagnostic and
therapeutic purposes for a long time.

The power transmission efficiency of ultrasound is highest for subcutaneous implants, but
ultrasound can also deliver energy to deeper areas within the body, such as the brain or
heart.[442:444] The thickness of the tissue layers is the major factor that affects transfer
efficiency. There have been a few in vivo studies that demonstrated the use of ultrasonic
power transmission to charge implanted devices.[440.442:444,445] | one, ultrasonic power was
transferred to the subcutaneous tissue in swine in order to repeatedly charge a lithium battery
(Figure 19c).[440] The authors demonstrated that 1 MHz of externally supplied ultrasound
was able to deliver about 300 mW of power to a battery implanted 10-15 mm under the
tissue; they were able to charge a 50% depleted, 4.1 V battery within 2 h with an average
efficiency of 20%.

The thickness of ultrasonic receivers can be scaled down to hundreds of micrometers
without sacrificing their transfer efficiency since the wavelength of ultrasound in the
frequency range of 3-10 MHz in soft tissue is on the order of hundreds of micrometers. The
minimum thickness that an ultrasonic receiver can be is ~1 wavelength of the transmitted
ultrasound; the thickness of the piezoelectric element is typically half of the wavelength

and the optimal thickness of the matching layer is one-fourth of the wavelength.[446] For
example, the wavelength of ultrasound at 10 MHz is 150 pm in tissue while the wavelength
of a radio wave at 1 GHz is 0.3 m; the size of implanted receiver for ultrasound can be
much smaller than the one for radio waves.[447] Thus, sub-millimeter scale implantable
devices, such as neural probes, could potentially be charged using ultrasonic power transfer.
In one study, an ultrasound backscattering system was developed for peripheral nerve neural
recording in rats (Figure 19a).1442] The device was powered by an external ultrasonic
transceiver which included modulated data in the ultrasonic waves. It used low-power
ultrasound at 120 uW and had a transfer efficiency of 25%. A simulation conducted in the
same study indicated that a 100 um receiver embedded at a 2 mm depth into the brain would
receive around 500 pW of ultrasonic power with a 7% efficiency, which would be sufficient
for high power applications such as neurostimulation.[447]
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The idea of acoustic power transfer was first proposed in 1958, but its applicability

was often overlooked because of the superior efficiency of radiofrequency transfer at

short distances with large apertures.[447448] However, ultrasonic power transfer has many
advantages over electromagnetic power transfer in tissue and is gaining favor for powering
subcutaneous or deep medical implants such as retinal electrical stimulation devices, cardiac
pacing stimulation devices, and ingestible electro nics.[427:428:444,449]

4.2. Electromagnetic Energy Transfer Methods

Electromagnetic waves, or electromagnetic radiation, refer to the waves of oscillating
electric and magnetic fields, which mutually induce each other. Electromagnetic waves
propagate through space carrying electromagnetic radiant energy, which is the principle
used for wireless powering via electromagnetic waves; the behavior of an electromagnetic
wave is highly dependent on its wavelength. In general, an electromagnetic wave with a
wavelength of 400 to 700 nm is classified as visible light, 0.7 to 10 um is NIR light,

and 1 mm to 100 km is RF radiation.[45%] The electromagnetic spectrum in Figure 20

lists the different frequency ranges for each category. The transmission mechanism and
the interaction between the human body and electromagnetic radiation vary significantly
depending on the type of electromagnetic radiation. Generally, radiofrequency radiation
has the greatest penetration depth compared to visible and near-infrared light. To receive
and harvest energy from radiofrequency waves, both antennas and radio frequency wave
harvesters are needed; to harvest visible and near-infrared radiation, photovoltaic materials
are used.

4.2.1. WPT—WPT, RF power transfer, or electromagnetic power transfer, is the
transmission of electrical energy from a transmitter to a receiver that are not physically
wired. The energy is carried in the form of an electromagnetic field. One common type of
electromagnetic radiation used for wireless power transfer is radiofrequency radiation.[451]
Using RF waves to wirelessly power a device was first proposed and tested by Tesla in

the 1890s.[451] In Tesla’s experimental setup, which is now referred to as a Tesla coil, a
transmitter coil was connected to a capacitor-inductor oscillating loop and a receiving coil
was connected to the load. The power transfer principle of his setup was very similar to an
electrical inductor: the time-varying magnetic field from the transmitter coil induced the curl
of the electrical field in the receiving coil. Tesla successfully powered incandescent bulbs
connected to the receiving coil over a short distance. Although the Tesla coil does not have
much practical use anymore, it was the precursor for today’s wireless powering.

Depending on the distance from the electromagnetic source, electromagnetic fields can be
classified into near-field and far-field regions.[452] In the near-field region, which is defined
as the area within a wavelength from the source, there is interference between the source and
the electromagnetic field. The energy does not propagate but bounce back and forth between
the source and the field in reactive near-field region. In the furthest part of the near-field
region, which is called radiative near-field region (or Fresnel region), the energy starts to
radiate but the electric and magnetic fields are still out of phase due to the interference. The
behavior of the electromagnetic fields in the near-field region is complicated due to wave
interference. However, near-field amplitudes decay in proportion to the inverse square to
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cube of the distance (1/72 - 1//3), so near-field components are confined to the area very
close to the source. In the far field, which is the region that is more than one wavelength
from the source, electromagnetic radiation can be modeled as originating from a point
source and propagating through space. In the far field, amplitudes decay in proportion to
the inverse of the distance (1//). The intermediate region between the near-field and far-field
region is called transition region. The near-field and far-field regions are shown in Figure
21a.

WPT can be categorized as using near-, mid-, and far-field techniques by comparing

the distance between the energy emitter and the energy receiver with the wavelength of
electromagnetic waves (Figure 21b).[454] If the distance between the emitter and receiver is
less than the wavelength being emitted, then near-field techniques should be used, which
transfer power through the coupling of magnetic or electric field. Since these near-field
behavior decays rapidly as distance increases from the source, the receiver for the near-field
regime should be located as close as possible to the source to ensure a high coupling ratio
and transfer efficiency. Thus, its application is limited to the location near the skin such

as subcutaneous implants. Near-field powering techniques usually employ relatively low
frequencies—Hz to MHz—in order to ensure reasonable transfer ranges, which, in air, are
often a few centimeters. If the distance is much greater than one wavelength, the near-field
behavior decays out and the far-field behavior dominates, so that the operation is governed
by far-field behavior. Since far-field behavior decays more slowly than near-field behavior,
using far-field techniques enables more flexibility in the operation range in air. Since the
radiation energy of an electromagnetic wave is proportional to the square of its frequency,
far-field techniques generally use a high frequency—MHz to GHz or THz. For systems that
use far-field techniques, emitters can be designed to have high directivity, so placing the
receiver in the right location is important to maximize energy transfer. Mid-field techniques,
used for systems in which the emitter and receiver are separated by ~1 wavelength, is

an emerging field in wireless powering of medical devices. Devices that rely on mid-field
techniques require less power than far-field techniques but can be larger than near-field
devices.[455]

To power implantable devices via electromagnetic waves, one should consider penetration
depth, safety, and directivity when choosing the frequency of the EM source. One obstacle
to WPT is attenuation of the electromagnetic waves in tissue. Penetration depth, the depth
where the field strength reduces to 1/e of its original value, where eis Euler’s number
(=2.71828), is the most common measurement used to evaluate the field attenuation in
materials. For high-frequency waves of 40-90 GHz, the penetration depth is only 1-3 mm
in fat and 0.2-0.4 mm in muscle.[456] In contrast, the penetration depth can be as large as
~30 mm for lower frequency RF waves such as 434 MHz, which is a common frequency for
wireless RF transmitters.[57] This is one of the reasons why high-frequency RF waves are
rarely used to wirelessly power implantable devices. Thus, far-field WPT, which generally
operates at GHz range, is not suitable to power most of the implantable or ingestible devices
even though far-field WPT has long transfer range in air; one exception is ocular implants
since the attenuation is less significant in the transparent vitreous body of the eyes. Mid-field
WPT has a shorter transfer range than far-field WPT in air, but the attenuation in tissue is
less significant; mid-field WPTSs are used to power the devices located deep inside the body
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such as in the brain, heart, or Gl tract. Figure 21c shows the penetration depth of RF waves
with different frequencies in various tissues. However, since low-frequency RF waves have
longer wavelengths, the size of the receiving antenna needs to be larger in order to allow
the waves to oscillate, which is essential for optimal performance.[438] There is a reasonable
trade-off between the attenuation effect and the size of the in-body receiving antenna when
using RF waves with frequencies around 1-10 GHz. For example, in one study, electronics
inside the GI tract of swine were powered with RF waves at 1.2 GHz.[45%] The wavelength
at this frequency is 0.25 m. The distance between the emitting antenna and the receiving
antennas was the same order of magnitude as the wavelength. Thus, the system was able to
operate using mid-field techniques.

When choosing the operating frequency for wireless transfer, one must also consider the
maximum safe dose. In general, the specific absorption rate (SAR) should not be larger than
1.6 mW cm~3 under IEEE guidelines,[#6%] which provides safety standards for RF exposure.
[236] With frequencies higher than 5 MHz, thermal effects on biological tissue is the biggest
safety concern. The safety standard includes both dose limits and exposure limits. Dose
limits set the maximum power density that can be absorbed by the tissue; exposure limits
set the maximum incident electromagnetic field strength and power density allowed by an
RF source. In an unrestricted environment, within a frequency range of 100 kHz to 6 GHz,
the dose limit for whole-body exposure is 0.08 W kg~1; for the head and torso, the dose
limit is 2 W kg™1; and for the limbs and pinnae, the dose limit is 4 W kg~1. For radiation
with frequencies between 6 and 300 GHz, the dose limit for the surface of the body is

20 W m~2 in an unrestricted environment. The maximum safe exposure limits depend on
multiple factors, including the frequency, body part, and exposure time, but cannot exceed a
maximum of 10 mwW cm~2,[236]

Another consideration in choosing the frequency of RF waves is the directivity of the
transmitter. Some transmitters are better than others at emitting RF waves in a particular
direction. Directivity depends on the geometry of the transmitter as well as the frequency of
waves being emitted.[458] Recent advances in electromagnetism modeling allow researchers
to predict directivity via in silico models, which facilitates the development process.[461-463]
The final consideration of wireless powering is that the transmitter and receiver are working
as a pair. The impedances of the transmitter and receiver need to match in order to maximize
transfer efficiency.[4>1] It has been reported that efficiency can be as high as 70% depending
on wave attenuation in the tissue.[464]

RF power transfer is becoming a popular choice to power implantable and ingestible
devices. Many RF-powered devices have been tested in vivo inside the Gl tract, skull, and
eye.[106:459,465.466] RE power transfer has a large powering capacity and a high efficiency.
The amount of power that can be delivered through wireless power transfer can be hundreds
of microwatts if the device is deeply implanted, or hundreds of milliwatts if superficially
implanted.[106.459] Stjll, one of the biggest challenges for using RF power transfer for
implantable devices is miniaturizing the devices. There is a physical limit to the transmitter
design: the device must be large enough (on the order of a wavelength of the RF wave) to
receive sufficient power. In general, RF transmitters/receivers have a minimum feature size
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of 1-10 mm. Attempts are being made to miniaturize RF transfer devices.[462:467] Table 12
summarized the characteristics of each WPT regimes.

RF waves are one of the most popular power sources used to recharge medical electronic
devices inside the body without surgical intervention. The design of a WPT system depends
on many factors, including the thickness of the tissue layer between the transmitter and the
location of the device on the body.

Implants close to the skin can be powered using near-field WPT techniques since the
distance between the emitter and receiver is small. In one study, near-field wireless powering
techniques were used to power a peripheral nerve prostheses in rats.[47% The implanted
receiver coil was 20 mm in diameter and the operating frequency was 1 MHz (Figure 22a).
The receivers were implanted in two locations: 5 mm beneath skin and 10 mm beneath

the muscle. When the separation between the transmitter and the implanted receiver coils
reached 5 mm and the two coils were perfectly aligned, 127 mW of power was able

to be transferred to the implanted coil. The power transfer was highly dependent on the
alignment: increasing the misalignment significantly reduced power transfer efficiency. In
another study, a small antenna was implanted in a swine to power a brain-machine interface
device using radio-frequency identification (RFID)-inspired backscattering via near-field
inductive links (Figure 22b).[466] A 1 x 1 x 1 mm3 loop was placed in the skull of the swine
to receive radio waves with a frequency of 907.5 MHz; the device was continuously powered
with 15.8 pW of RF to operate the RFID backscattering circuitry.

Using mid-field wireless powering techniques to transfer energy to deeply implanted
electronics has been previously demonstrated. In one study, a 1.6 GHz radio wave was
chosen to transfer power to various locations in swine and rabbit models (Figure 22c).[9]
The device was 2 mm in diameter and 3.5 mm in height, which was small enough to fit

into a catheter. In the swine study, when the animal was exposed to the maximum permitted
exposure of radio waves, the device was able to receive 2.191 mW of power when implanted
in the porcine chest and 1.709 mW when implanted inside the porcine brain. In the rabbit
model, researchers also showed that cardiac pacers implanted on the rabbit heart can be
powered by their WPT system. In another study, mid-field WPT was used to power a
device in the GI tract of a swine model (Figure 22d).[45%] Using a 6.8 mm x 6.8 mm
antenna which emitted a 1.2 GHz radio wave, the device was able to transfer 37.5, 123, and
173 pW of power to the esophagus, stomach, and colon, respectively, which is sufficient

to operate low-power ingestible electronics while keeping radiation exposure levels below
safety thresholds.

Even though wireless powering can operate over long distances in the air, electromagnetic
waves are significantly attenuated in living tissue. A 10 GHz RF wave transmitted through
2 mm of tissue will attenuate by about 20 dB, even without considering additional loss
caused by misalignment or antenna efficiency.[447] Thus, devices powered by WPT must
be implanted at shallow depths or within transparent tissue. For example, in one study, an
intraocular sensor, implanted in a New Zealand white rabbit, was powered using WPT
(Figure 22¢).[106] To fit into the anterior chamber of the eye, a discrete device was
constructed in which all of the components were connected on a string. The total size of
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the device was 8 x 4 x 2 mm3. A 3 GHz radio wave was chosen to transfer the power and 1
V was generated across a 27 kQ load at a distance of 5 cm. The average power transmitted
was estimated to be as high as 300 mW, which is enough to operate a low-power ocular
implant such as an intraocular pressure (I0P) sensor.

4.2.2. Optical Transfer—Converting light to electrical energy occurs via the
photovoltaic effect, wherein electrons in semiconductor material jump from lower to higher
energy levels upon exposure to light. The most widely used structure for a photovoltaic
device is a semiconductor p-n junction.[47X] When an electron is excited from the lower
energy band (valence band) to a higher energy band (conduction band) in the p-type region,
the electron will move to the n-type region due to the potential difference formed in

the area near the junction; this generates an electric current (Figure 23a,b). The bandgap
energy, which is the energy gap between the valance band and conduction band in the
semiconducting material, dictates the voltage generated by a photovoltaic cell. The bandgap
energy of a semiconductor must be smaller than the energy of the incident light in order to
allow the transition of electrons from the valence band to the conduction band. Choosing
the right type of material, which can include silicon and gallium arsenide (GaAs), depends
on the wavelengths of the incident light, which is directly related to its energy.[472473] For
instance, silicon is used for retinal prosthesis implants because it can receive both visible
and near-infrared light; on the other hand, GaAs is more efficient when used with near-
infrared light.[474-476] |n the interest of widescale power generation, tremendous resources
have been devoted in the last few decades to develop photovoltaic materials that generate
energy from a wide spectrum of sunlight.[4”7] Furthermore, recent developments in flexible
photovoltaic materials have enabled the powering of wearable/epidermal electronics where
there is readily available access to direct sunlight.[478]

Using photovoltaics to power biomedical electronic devices inside the body is possible;
however, the attenuation and absorption of visible light in the tissue presents unique
challenges (Figure 23c). The penetration depth of visible light is generally less than 2
mm.[47] However, there are two near-infrared “windows” in the tissue, near 800 and 1000-
1400 nm, where the attenuation of light is relatively low. For wavelengths close to 800 nm,
the penetration depth in muscle is around 3.5 mm.[479.480] The near-infrared light in the
second window is believed to have a penetration depth of 1 to 2 cm.[481] Overexposure to
visible or near-infrared light can cause damage to the eyes and skin; thus, staying under the
safe limit for light intensity is important for implantable or ingestible photovoltaic devices.
The International Commission on Non-lonizing Radiation Protection (ICNIRP) provides
guidelines on the maximum recommended exposure of visible/near-infrared light on the eyes
and skin.[#82] For a normal continuous light source, the exposure limit for skin is 200-1600
mW cm™2; the retinal thermal exposure limit is 2800 mW cm~2 in flux and 710 mJ cm~2

in dose.[483] To address these limitations, utilizing photovoltaics for light energy harvesting
in implantable systems has focused on tissues where optical attenuation is reduced compare
to the other parts of the body, such as in the retina, where photovoltaics have been used

for sight restoration, or superficially under the skin.[474-476.484.485] Ajternatively, harvesting
energy from endogenous thermal radiation emitted by the body in the near-infrared region
has been proposed for deeper implants. One report used custom quantum-dot-sensitized
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PV cells to directly harvest emitted thermal radiation (2.2 pW cm=2) from the surface of
the human body; these cells could potentially be developed to power deeper implants or
ingestible systems.[486] However, these approaches are still in their infancy, and require
more experimentations in material choice and upconversion strategies in order to convert
the long wavelengths available in the body to wavelengths suitable for commonly used
photovoltaic materials.

Visible light is abundant in nature. The intensity of solar radiation can be as much as 1000
W m~2, which is sufficient for powering many in-body electronic devices.[4%8] Biomedical
electronics implanted at shallow depths can harvest energy either from natural sunlight or
an artificial light source. Subdermal implants have shown promise but energy harvesting
capabilities are significantly determined by the depth of the implant and the wavelength
being harvested.[476:489-491] For example, in one study, a flexible GalnP/GaAs solar cell
array was subcutaneously implanted at the depth of 600 pm in mice (Figure 24b).[489] The
device was able to harvest 0.1 mW mm~2 when exposed to standard sunlight; it successfully
powered a pacemaker that consumed about 284 pAh per day when exposed to a light source
for 126 min each day.

NIR light is a promising energy source for the implants due to its extended penetration
depth. A detailed study was conducted to determine the conversion efficiency of silicon

and GaAs photovoltaic cells implanted in the subcutaneous tissue of mice.[476] Using an
NIR source with a frequency of 850 nm and an intensity of 134 yW mm~2, the conversion
efficiencies were 5.79% for silicon and 9.13% for GaAs at a depth of 4 mm and 0.12%

for silicon and 0.21% for GaAs at a depth of 15 mm. NIR light is also preferred over

visible light for retinal prosthesis because an NIR laser image projection system can produce
pulsed illumination of sufficient intensity to drive a photodiode array and directly stimulate
neurons while remaining invisible to any remaining photoreceptors.[475] Several studies have
demonstrated the stability of photovoltaic cells implanted in the retina, which are used for
sight restoration. PV retinal implants can be repurposed for energy harvesting since the
operating principles are the same.[474:475:492.493] However, even NIR light cannot reach
tissue located deeper than 2 cm, such as the Gl tract, which limits the implant location of
photovoltaic cells (Table 13).

5. Outlook

Here, the broad range of technologies to power biomedical electronic devices are presented,
specifically focused on implantable and ingestible devices. In this paper, various powering
methods are reviewed, limitations and challenges are discussed, and the potential trajectories
of different powering technologies are given. Several common challenges of powering
methods are covered in this review: improving power output, increasing energy conversion
efficiency, creating more durable devices, and ensuring their safety. To improve energy
storage, it is essential to increase the volumetric energy density and improve the safety of
batteries for biomedical electronics. In addition, low energy conversion efficiency and power
output are the fundamental bottlenecks of energy harvesting and transfer devices. Additional
studies are needed to improve the power output of energy harvesting and transfer devices

so that they can be used to power various biomedical electronics. For example, there is
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room to improve the mechanical coupling between mechanical energy sources and energy
harvesters in order to enhance the conversion efficiency of mechanical energy harvesting.
Furthermore, durability studies of promising energy harvesters should be performed to
evaluate their use in long-term applications. For degradable energy harvesting devices, such
as friction-based energy harvesters and galvanic cells, improving the device lifetime is
essential for use in real-life applications. Manufacturing cost is another factor to consider
when commercializing novel batteries, energy harvesters, or energy transfer devices as
power sources for medical devices.

Implantable and ingestible medical devices such as pacemakers, neurostimulators,
subdermal blood sensors, capsule endoscopes, and drug pumps have been undergoing
continuous and rapid development in recent years. Development of technologies that

store, harvest and transfer energy to power these implantable and ingestible, biomedical
electronics will enable such devices to be more efficient, more powerful, and to perform a
range of diagnostic and therapeutic treatments that are difficult to perform from outside the
body.
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(temperature) (Minir{naIIyA invasive temperature, time)
imaging) 2015
2003 Ingestible event marker
SmartPill (Medication adherence)
(pH, pressure, tem- 2015
perature) Gas sensor
2009 (Gastrointestinal gases)
Ingestible 2018
microneedle arrays Microbial sensor
(Drug delivery) (Gastric bleeding)
1970s 1980 1998 2007 2013
Implantable Icb DBS Implantable Retinal prosthesis
drug delivery system|| (First human implant) (CE approved) gastric stimulaor (FDA approved)
1981 (Gastroparesis, 2014
1972 Bone growth obesity) Implantable
pacemaker stimulator blood pressure monitor
(Li/l battery) (FDA approved) (FDA approved)
2016
1973 1985 Closed-loop
Cochlear i insulin delivery system
(Nuclear battery) (FDA approved) (FDA approved)

Timeline of major milestones for implantable and ingestible electronic devices and
technology for powering such devices. Listed are the years when batteries suitable to
power biomedical devices were first commercialized,[63-6%1 in vivo experiments of energy
harvesting and transfer devices first occurred,[70-78] ingestible electronics first appeared,

[79.80] and implantable electronics first appeared.[81-891 (WPT: wireless power transfer,

BFC: biofuel cell, PENG: piezoelectric nanogenerator, APT: acoustic power transfer, AWS:
automatic wristwatch system, PV: photovoltaic, TENG: triboelectric nanogenerator).
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a) The system configuration and b) the schematic of functional units of closed-loop,

diagnostic, and therapeutic implantable/ingestible electronics.
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Figure 3.

Current challenges of developing batteries for implantable/ingestible biomedical electronic
devices and corresponding examples of technologies that address these issues. Reproduced
with permission.[140] Copyright 2020, Elsevier. Reproduced with permission.[21%] Copyright
2019, Frontiers Media S.A. Reproduced with permission.[220] Copyright 2016, Wiley-VCH.
Reproduced with permission.[221] Copyright 2017, American Chemical Society. Adapted
with permission.[222] Copyright 2017, American Chemical Society. Reproduced with
permission[213] Copyright 2017, Springer Nature.
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Energy sources available around the human body and biomedical devices that can be
powered by these energy sources. Reproduced with permission.[2231 Copyright 2012,
Springer Nature. Adapted with permission.[224] Copyright 2011, IEEE. Reproduced with
permission.[225] Copyright 2020, Elsevier. Reproduced with permission.[226] Copyright
2013, Elsevier. Reproduced with permission.[227] Copyright 2016, Elsevier. Adapted with
permission.[228] Copyright 2010, SAGE Publications. Reproduced with permission.[22°]
Copyright 1996, Elsevier. Adapted with permission.[8%] Copyright 2018, Springer Nature.
Adapted with permission.[®] Copyright 2015, Springer Nature. Created with BioRender.com.
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Figure 5.
The working principle and operation modes of the PENGs. a) Electrical poling direction

Contraction

and

preferential chain direction of the piezoelectric materials. For instance, in poly(vinylidene

fluoride) (PVDF), the polar axis (labeled as direction “3”) is the direction of the applied
electrical poling field. The polymer stretch direction or the preferential direction of the
aligned polymer chains is denominated as direction “1” and is perpendicular to the polar
axis. the axis orthogonal to the stretch direction “1” is labeled as “2.” The shear planes
of piezoelectricity are indicated by the directions “4,” “5,” “6,” and are perpendicular to
the directions to “1,” “2,” “3,” respectively.[238] The direction of the applied mechanical

stress relative to the polar axis largely affects the performance of the piezoelectric energy
harvesting device. b) The schematics of direct and converse piezoelectric effects. The direct

piezoelectric effect appears when a mechanical stress is applied to a material, and the
electric charges are generated proportional to the applied mechanical stress. Before the

external stress is applied, the centers of the positive and negative charges of each molecule

coincide and the material is in a neutral net electrical polarization. When a mechanical

stress is applied and deforms the structure of the material, the positive and negative charges
inside of the molecule will be separated and this leads to the generation of dipolar moments.

When a mechanical stress is reversed, the polarity of dipolar moments will be reversed.
This polarization generates an electric voltage output, which is the transformation of the

mechanical vibration applied to the material into useful electrical energy to power electronic

devices. The converse piezoelectric effect occurs when the electric field is applied to the
piezoelectric material. The external electric field will change the position of electrons
and nuclei in each molecule and dipoles will be created. These dipoles will result in the
polarization of the material and ultimately induce the deformation of the material. When
the electrical field is removed or reversed, the electrons and nuclei will move back to the
original position, and the material will return to their initial geometry.
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Figure 6.
a) The triboelectric series of the common triboelectric materials used for biomedical

applications.[270-275] p-g) The working principle and operation modes of TENGs.
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(b)  Vertical separation mode

(c) Lateral sliding mode

(d) Single electrode mode

(e)  Free-standing mode
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Figure 7.
The working principle of electrical generators. The electrical generators can be categorized

by the type of relative motion between the magnets and coils: a) Linear or b) rotation. c)
Homopolar generator or Faraday disk.
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Figure 8.
The working principle of AWSs.
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Figure 9.

Examples of systems that harvest mechanical energy from the circulatory system. a)
Adapted with permission.[302] Copyright 2014, National Academy of Science. b) Adapted
with permission.[393] Copyright 2016, American Chemical Society. ¢) Reproduced with
permission.[397] Copyright 2012, Springer Nature. d) Adapted with permission.[227]
Copyright 2016, Elsevier. e) Adapted with permission.[309 Copyright 2016, IEEE.
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Figure 10.
Examples of systems that harvest mechanical energy from the respiratory system. a)

Adapted with permission.[302] Copyright 2014, National Academy of Science. b) Adapted
with permission.l””] Copyright 2014, Wiley-VCH. c) Adapted with permission.[292]
Copyright 2011, IEEE.
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Figure 11.
Mechanical physiology of the Gl tract. a) Cross-section of cells in the Gl tract. Reproduced

with permission.[317] Copyright 2009, Elsevier. b) Manometry example showing a migrating
myoelectric complex (MMC). Reproduced with permission.[318] Copyright 2020, Springer
Nature. c) Example waveforms of the slow waves that regulate mechanical contraction.
Reproduced with permission.[319] Copyright 2006, Annual Reviews Inc.
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PENGs

Hook-up
wires

¥~ PEG tube

—1cm

f
80 =] T —Beore
- After 100 — After
S 60 =~
E -
< (-]
2 = 8
2 g
e : '\A.,../\/\Au\/\,/\/\r/\/\
60
S0
20 40 20 40
Time (s) Time (s)

TENGs

Page 69

(W)

(ii)

p_ LYoo

/

fed

VNS devices 15 days

6 8
Time (s)

10

12

Control

permission.[343] Copyright 2017, Springer Nature. b) Adapted with permission.[%3]
Copyright 2018, Springer Nature.
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Figure 13.
The working principle of galvanic cells. a) The electrons flow from the oxidation reaction

of anode to the reduction reaction of H* (acidic physiological fluid) or O, (neutral
physiological fluid) at the cathode. b) Standard reduction potential (£°) of typical redox
reactions at the anode and cathode.[34%]
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The working principle of biofuel cells. a) Abiotic biofuel cell, b) enzymatic biofuel cell, and
¢) microbial fuel cell. The ion exchange membranes are often omitted for implantable and
ingestible biofuel cells to simplify the cell structure.
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Figure 15.
Examples of devices (biofuel cells) that harvest chemical energy from glucose in a)

cerebrospinal fluid (CSF), b) blood, c) interstitial fluid (IF), and d) e) gastrointestinal fluid
(GIF). a) Adapted with permission.[371] Copyright 2013, Springer Nature. b) Adapted with
permission.[366] Copyright 2013, Royal Society of Chemistry. c) Adapted with permission.
[362] Copyright 2018, Elsevier. d) Adapted with permission.[387] Copyright 2018, Royal
Society of Chemistry. e) Reproduced with permission.[388] Copyright 2013, Elsevier.
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Figure 17.
Examples of devices (galvanic cells) that harvest chemical energy from electrolytes in a,b)

gastric fluid and c) interstitial fluid (IF). Adapted with permission.[8] Copyright 2017,
Springer Nature. Adapted with permission.[3%] Copyright 2015, IEEE. Reproduced with
permission.[378] Copyright 1969, Springer Nature.
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Figure 18.
a) working mechanism of an APT. ultrasound, which carries acoustic power, are emniea

trom an ultrasonic power transducer, propagate through tissue layers, and are received by
an ultrasonic power receiver located inside the body. In an ultrasonic power transducer, a
signal generator generates an AC electrical signal and the Amplifier/Impedance matching
circuitry amplifies and filters the signal. This signal causes the piezoelectric element to
vibrate, generating ultrasonic waves with desired frequencies and amplitudes. Ultrasound
travels through acoustic matching layers, which provide smooth transition of the acoustic
impedance from the acoustic source to the medium. Without the matching layers, ultrasound
will experience a large change in acoustic impedances when it propagates from the
piezoelectric element to the medium (human tissue layers); this will cause the ultrasound to
attenuate or even reflect back to the interface between the acoustic source and the medium.
Ultrasound attenuates as it propagates through the human tissue layers. The attenuation rate
depends on the frequency of ultrasound. b) The normalized power of transferred acoustic
waves is a function of the tissue depth and ultrasound frequency.[420] When ultrasound
reaches the receiver in the body, it vibrates the piezoelectric element and generate an AC
electrical signal. The rectifier converts the AC signal to a DC signal and this harvested
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electrical energy can drive the electrical load to perform the desired task. Reproduced with
permission.[420] Copyright 2014, Elsevier.
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Ultrasound
Energy Source

<

Figure 19.
Examples of devices that harvest mechanical energy from exogenous ultrasonic energy

source. a) Adapted with permission.[442] Copyright 2016, Elsevier. b) Adapted with
permission.[444] Copyright 2013, Oxford University Press. ¢) Reproduced with permission.
[440] Copyright 2016, Elsevier.
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Figure 20.
Electromagnetic spectrum.
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The working principle of WPT. a) Electromagnetic waves can be classified into near-field
and far-field regions depending on the distance from the electromagnetic source. The area
within A/2r is called the reactive near-field region, A/27 ~ A is the radiative near-field

region, A ~ 2 A is the transition region, and over 2 A is the far-field region. b) The

schematics of different WPT techniques: near-, mid-, and far-field WPT. Inductive coupling
near-field WPT employs coils as antennas for a power transmitter and a receiver, and the
power transfer happens through magnetic field coupling. Capacitive coupling near-field
WPT employs a pair of electrodes as antennas, and the electric field coupled between the
electrodes transfer the energy from one to the other. Mid- and far-field WPT uses antennas
(e.g., monopole, dipole, loop antennas) that can emit and receive radiative electromagnetic
field. c) The penetration depths of electromagnetic or RF waves with different frequencies
are shown.[453] The level of attenuation of RF waves varies slightly depending on tissue
types. Adapted with permission.[433] Copyright 2016, Society for reproduction and fertility.
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Electronic
Hardv
o —

Examples of electromagnetic energy harvesting devices: WPT. a) Near-field power transfer
to brain implants. Adapted with permission.[47%! Copyright 2015, IEEE. b) Near-field power
transfer to the peripheral nerve prosthesis implanted in the subcutaneous region. Adapted
with permission.[466] Copyright 2015, IEEE. c) Mid-field power transfer to heart and brain
implants to power a pacemaker. Adapted with permission.[9] Copyright 2014, National
Academy of Sciences. d) Mid-field power transfer to GI tract to power ingestible electronics.
Adapted with permission.[5°] Copyright 2017, Springer Nature. e) Far-field power transfer
to ocular implants. Reproduced with permission.[196] Copyright 2011, IEEE.
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Figure 23.

The working principle of optical transfer. a) The energy band diagram of p—n junction. b)
The typical structure of photovoltaic cell. ¢) Attenuation of the visible and NIR light in
different tissues. Reproduced with permission.[487] Copyright 2016, Springer Nature.
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Page 82

Light source
Visible light, NIR

Visible
light

Examples of electromagnetic energy harvesting devices for optical transfer. a) Silicon-based
PV cells implanted in subretinal region which harvest energy from NIR light. Adapted with
permission. [474] Copyright 2015, Springer Nature. b) GalnP/GaAs-based flexible PV arrays
implanted in the subcutaneous region which harvest energy from sunlight. Adapted with

permission.[489] Copyright 2016, Wiley-VCH.
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Power requirements of implantable and ingestible biomedical electronic devices.

Table 2.

Implantable/Ingestible device

Power requirement

References

Deep brain stimulator (DBS)

Spinal cord stimulator

Intraocular pressure (IOP) monitor
Retinal prosthesis

Cochlear implant

Pacemaker

Implantable cardioverter defibrillator (ICD)
Implantable blood pressure monitor
Wireless capsule endoscope
Medication adherence monitor
Gastric stimulator

Implantable drug delivery system

Artificial urinary sphincter

100 pwW
1-10 mW
200 nW-200 pwW
250 mW
100 pW-10 mW
10-30 pW
50-500 W
Passive
5-30 mW
1 mw
1-30 mW
100 PW-1 mwW
200 pw

[104,105]
[104]
[106]
[107]

[105,108,109]

[79,102]
[105]

[110]
[35]
[111]
[104,105,112]
[79,102]
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Amount of energy available from endogenous and exogenous energy sources.

Table 4.

Type Energy source Available energy References
Mechanical Heartbeat 0.93W [104]
Blood flow 50-150 cm s~ [230]
Breathing 0.41W [104]
GI motility Table 8
Center of mass 20w [104]
Shoulder 22W [104]
Knee 36.4 W [104]
Ankle 66.8 W [104]
Heel strike 20W [104]
Chemical Blood glucose 45x1073-10x 1073 M [231]
CSF glucose 4x103-25x 102 M [232-234]
Gl pH pH 1-8 [235]
Gl nutrients Table 10
Electromagnetic EM wave 10 mW cm2 [236]
Ultrasound Average 10-1000 mW cm™2, max pulse 190 W cm~2 [237]
Bioelectric Endocochlear potential 70-100 mV [223]
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Table 5.

Page 88

The piezoelectric coefficients of most technologic synthetic polymers. Abbreviations: PVDF: poly(vinylidene
fluoride), PVDF-TrFE: poly(vinylidene fluoride trifluorethylene), PLA: poly(lactic acid), PVC: poly(vinyl
chloride), PAN: poly(acrylonitrile), PVDCN-VAc: poly(vinylidenecyanidevinyl acetate), (5-CN)APB/ODPA:

nitrile substituted polyimide.

Polymer Piezoelectric coefficient [pC N71] References
PVDF 18-27 [240,241,244,245]
PVDF-TrFE 10-31 [246-248]
PLA 3-10 [245,249,250]
PVC 0.7 [243,251]
PAN 17 [243,252]
PVDCN-VAC 7 [243,253]
(B-CN)APB/ODPA 0.3 [243,254]
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Table 6.

The piezoelectric coefficient of most biological macromolecules.

Polymer Piezoelectric coefficient [pC N] References
Chitin 0.2-15 [250,256]
Amylose 2.0 [250]
Cellulose 0.2 [250]
Collagen 0.1-2 [250,257,258]
Elastin 1-54 [250,259,260]
Keratin 0.1-2 [250]
Fibrin 0.2 [250]
Silk fibroin 1-38 [246,261]
Gelatine 20 [262]
PHB 0.3-1.5 [263,264]
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Table 11.

Spatial-peak temporal-average intensity of diagnosis acoustic transfer for nonfetal Doppler application[441],

Location/use Intensity [mW cm~2]
Peripheral vessel 720
Cardiac system 430
Fetal imaging and other 94
Ophthalmic sites 17
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