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Powering Implantable and Ingestible Electronics

So-Yoon Yang, Vitor Sencadas, Siheng Sean You, Neil Zi-Xun Jia, Shriya Sruthi Srinivasan,
Hen-Wei Huang, Abdelsalam Elrefaey Ahmed, Jia Ying Liang, and Giovanni Traverso*

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.

ailments.”) More than 60% of adults in
the United States (US) have a chronic dis-
ease such as heart disease, cancer, stroke,
and diabetes. Consequently, management
of chronic conditions account for 75% of
healthcare spending in the US.B4 =61 mil-
lion adults (26%) in the US have some type
of disability, such as a mobility impairment,
a cognitive disability, hearing loss, or vision
loss, and depend on the reliable assistance
of one or more medical devices for the rest
of their lives.’) Worldwide, about three mil-
lion people are living with a pacemaker and
about 0.3 million people are living with a
cochlear implant.®” In order to lower the
morbidity rate, it is important to monitor,
intervene, and prevent diseases more effec-
tively. 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 person-
alized biomedical electronics that are multi-
functional, compact, and long-lived.

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

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
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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 effi-
cient and effective therapeutic interventions than conventional
treatment methods such as pill-type medications. For example,
tissue/nerve stimulation is used to repair neurological dysfunc-
tion or to relieve pain by modulating the nervous system: exam-
ples 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 bio-
markers 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 thera-
peutic 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 immuno-
suppression, phenytoin to control epileptic seizures, and the
anticoagulant warfarin.®l 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 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.l”! Other examples of implantable biomed-
ical closed-loop systems include closed-loop pacemakers, which
treat cardiac arrhythmia, and closed-loop deep brain stimula-
tors (DBS), which treat Parkinson’s disease. Table 1 summa-
rizes clinical applications in which implantable/ingestible bio-
medical 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 com-
munication enable medical devices to be untethered when in
the human body. Advances in minimally invasive or semi-inva-
sive surgical implantation procedures have enabled biomedical
devices to be implanted in locations where clinically important
biomarkers and physiological signals can be detected; it has

Adv. Funct. Mater. 2021, 31, 2009289

2009289 (2 of 47)

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/thera-
peutic modalities, duty cycle, and operation lifetime, are often
constrained by the amount of power that is available. Further-
more, additional features are constantly being added to biomed-
ical electronic devices as a result of technological development.
For instance, smartphones and internet of things (IoT) technolo-
gies facilitate physiological data collection; artificial intelligence
(AI) algorithms provide advanced data analysis and personal-
ized 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 elec-
tronic 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 bio-
medical 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 quan-
tities 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 pro-
cessing and control unit is the central processing unit that
has many functionalities including input/output (I/O) opera-
tions, 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 function-
alities 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
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Table 1. Clinical applications that use implantable/ingestible biomedical electronic devices.

Device category Clinical application

Examples

Related diseases or medical conditions

Diagnostic Pressure monitoring

Intra-cranial pressure (ICP) monitoring

Intraocular pressure (IOP) monitoring

Intra-abdominal pressure (IAP) monitoring

Bladder pressure monitoring

Temperature monitoring
Glucose monitoring
Biomarker monitoring
Gas monitoring
Electrical signal monitoring
Medication adherence monitoring
Therapeutic drug monitoring

Imaging

Therapeutic Electrical stimulation

Blood pressure monitoring

Core body temperature monitoring
Blood glucose level monitoring
Cortisol in blood, etc.
Gastrointestinal (Gl) gas
Electrogastrogram (EGG), Electrocardiogram (ECG)
Medication adherence monitoring
Chemotherapy, anticoagulants

Wireless capsule endoscopy

Deep brain stimulation

Hypertensionl™®™

Traumatic brain injury, brain tumor, chronic intracranial
hypertension[12-15]

Glaucoma, ocular hypertensionl'6-18l

Abdominal compartment syndrome (ACS), Intra-abdominal
hypertension[19-21]

Neurogenic bladder dysfunction(??

Infection, Thermoregulatory disorder(?>24

Diabetes mellitus?>2¢]

Psychiatric disorders(?-2°]

Irritable bowel syndrome, Inflammatory bowel diseasel*%31

Gastroparesis, heart failurel32-34

Disease treatment monitoring®®’

Epilepsy, Anticoagulants, Immunosuppression, Cancer®6-3

Gl bleeding, inflammatory disorder,
precancerous tissues3%40l

Parkinson’s diseasel*#

Electric nerve stimulation (spinal cord, vagus nerve, Diabetic neuropathy, peripheral artery disease, chronic pain

peripheral nerve, etc.)

Gastric stimulator

Drug delivery

relieft*+-46l

Gastroparesis!*-50

To Gl tract (e.g., IntelliCap)

To subcutaneous space (e.g., insulin injection)

Visual prosthesis

Hearing assist

Closed-loop Cardiac assist

Retinal prostheses

Cochlear implants

Pacemaker

Degenerative retinal diseases (Retinitis pigmentosa (RP)),

Age-related macular degeneration (AMD))("52

Hearing loss(3]

Arrhythmia, heart attack, etc.[>*->¢

Cardioverter defibrillator (ICD)

Ventricular assist device

Kidney assist

Closed-loop drug delivery

Chemotherapy

Anesthesia

Implantable bioartificial kidney

Blood glucose monitor-insulin pump

Kidney failurel>”:8]
Diabetes mellitus®”
Cancerl®

Surgical processl®2

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.?>*¥! Microcontrollers
and wireless communication units are optional components for
therapeutic devices. However, systems composed of only actua-
tors, which do not have computational elements and commu-
nication modules, can only implement simple on-oftf control.
Adding a microcontroller and a radiofrequency (RF) commu-
nication module enables more sophisticated therapeutic proce-
dures such as time-controlled drug delivery or feedback control.
At the same time, these additional modules increase the power
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consumption of the devices and require the power manage-
ment 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.B®%%8] Thus, a diag-
nostic device requires a more complicated circuit design than
a therapeutic device. A closed-loop system has the most com-
plex 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 com-
ponent in a closed-loop system. If the microcontroller unit in
a closed-loop system, such as a pacemaker and artificial pan-
creas, does not require intervention from an external user to
make a therapeutic decision, no communication component is
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Lithium battery Lithium ion battery 2004
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Batteries First battery battery battery battery (without mercury) Enzymatic BFC
(Rat retroperitoneal space)
1984 2014
PENG TENG
e (Dog rib) Ratheart
Energy 1966 | | (Rat heart)
harvesting WPT system 1970 1985 1999 2004 2017
(Subcutaneous Abiotic BFC APT system AWS PV cell Galvanic cell
[tranfer chest wall of Dog) (Dog) (Dog bone) (Dog heart) (Rabbit eye) (Pig stomach)
devices
1800s 1950s
1957 1959-1961 1988 2000 2013
Endoradiosonde Radio Ingestible core Wireless capsule Drug delivery system
(pH, pressure, telemetering capsule temperature sensor _endoscope (Drug delivery, pH,
temperature) (passive/active (temperature) (Mlnlr{nally» invasive temperature, time)
: communication) — imaging) 2015
Ingestible 1 958 2003 Ingestible event marker
electronics ’"te:t'"a' enaod SmartPill (Medication adherence)
(pHjpressure) (pH, pressure, tem- 2015
temperature)
— perature) Gas sensor
2009 (Gastrointestinal gases)
Ingestible 2018
microneedle arrays Microbial sensor
(Drug delivery) (Gastric bleeding)
1958 1970s 1980 1998 2007 2013
Pacemaker Implantable Icb DBS Implantable Retinal prosthesis
- (First implanted, drug delivery system|| (First human implant) (CE approved) gastric stimulaor (FDA approved)
Ni-Cd battery) 1981 (Gastroparesis, 2014
Implantable 19121: Bone growth elizafiy) Implantable
electronics gj/fi’::e;')' stimulator blood pressure monitor
(FDA approved) (FDA approved)
2016
1973 1985 Closed-loop
hlear i insulin delivery system
(Nuclear battery) (FDA approved) (FDA approved)

Figure 1. 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,[*%% in vivo experiments of energy harvesting and transfer devices
first occurred,7%78 ingestible electronics first appeared,’>% and implantable electronics first appeared.®™-#% (WPT: wireless power transfer, BFC: bio-
fuel cell, PENG: piezoelectric nanogenerator, APT: acoustic power transfer, AWS: automatic wristwatch system, PV: photovoltaic, TENG: triboelectric

nanogenerator).
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Figure 2. a) The system configuration and b) the schematic of functional units of closed-loop, diagnostic, and therapeutic implantable/ingestible

electronics.
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Table 2. Power requirements of implantable and ingestible biomedical
electronic devices.

Implantable/Ingestible device Power requirement References
Deep brain stimulator (DBS) 100 pW [104,105]
Spinal cord stimulator 1-10 mW [104]
Intraocular pressure (IOP) monitor 200 nW-200 pW [106]
Retinal prosthesis 250 mWw [107]
Cochlear implant 100 pW-10 mWw [105,108,109]
Pacemaker 10-30 uW [79,102]
Implantable cardioverter defibrillator (ICD) 50-500 W [105]
Implantable blood pressure monitor Passive

Wireless capsule endoscope 5-30 mW [110]
Medication adherence monitor 1mwW [35]
Gastric stimulator 1-30 mW ]
Implantable drug delivery system 100 pW-1 mW [104,105,112]
Artificial urinary sphincter 200 pW [79,102]

needed.””1% However, if a system needs to be highly minia-
turized 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.l%!

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 sphinc-
ters (200 uW), can last for 8-12 years before they require a bat-
tery replacement or maintenance.’>12 These devices can be
implanted in the 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 coch-
lear 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 stim-
ulating 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.'3] Different powering
technologies, such as novel energy-dense batteries, energy

Adv. Funct. Mater. 2021, 31, 2009289

2009289 (5 of 47)

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, min-
imizes infection risks, reduces the number of electrical compo-
nents 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 Sec-
tion 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 natu-
rally 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.

2. 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 appli-
cations will be discussed.

2.1. 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 characteris-
tics of the batteries. When evaluating whether a particular bat-
tery 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 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 char-
acteristics 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 spe-
cific energy because biomedical electronic devices often have
size limitations but rarely have restrictions on their weight.l'3!

© 2021 Wiley-VCH GmbH

85U80]7 SUOWILLOD BAT8.D 3dfed!|dde ayy Aq pausenob a.e saoile O ‘88N JO Sa|ni 1o} Akeld 18Ul UO 8|1 UO (SUORIPUOD-PUR-SLUIB)ALI0O" A3 1M ALeIq 1 Bul [UO//:SANY) SUORIPUOD Pue SWe | 8U18eS " [20z/TT/7T] uo Ariqiauluo Ajim ‘Aisienun eotbojouyos | BueAueN Aq 682600202 WPe/Z00T OT/I0P/WO A8 | ImAreiq iUl |uo//:ScY Wo14 pepeo|umod ‘v ‘TZ0Z ‘8Z0E9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

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 predict-
ability of its performance are other important characteris-
tics 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, Euro-
pean 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 reason-
ably foreseeable misuse. FDA-recognized consensus standards
for primary and secondary batteries include IEC 60086-4 (pri-
mary batteries—Part 4: safety of lithium batteries); IEC 60086-5
(primary batteries—Part 5: safety of batteries with aqueous elec-
trolyte); UL 1642 (lithium batteries); and IEC 62133 (secondary
cells and batteries containing alkaline or other non-acid electro-
lytes—safety requirements for portable sealed secondary cells,
and for batteries made from them, for use in portable applica-
tions); IEC 62485 (safety requirements for secondary batteries
and battery installations); UL 2054 (household and commercial
batteries).l*1231 The standard IEC 60601-1 (medical electrical
equipment—general requirements for basic safety and essen-
tial performance) also provides the general safety requirement
of batteries for medical devices. The EMA has adopted “Regu-
lation (EU) 2017/745 on Medical Devices (MDR)” and harmo-
nized 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. Chal-
lenges 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™ and 3862 mAh g'; because of this, lithium-
based batteries have a higher cell voltage and energy density
than other battery chemistries."”’] Lithium-based batteries also
have a flat, predictable, and reliable discharge profile, which is
desirable in medical devices.[®128] However, drawbacks include
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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/I,), manganese oxide (Li/MnO,), carbon
monofluoride (Li/CF,), silver vanadium oxide (Li/SVO) or
hybrid cathodes (Li/CF,~SVO0).1%! Lithium batteries gener-
ally 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.0>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
(LiCo0,), lithium iron (Fe) phosphate (LiFePO,), lithium man-
ganese oxide (LiMn,0,, Li;MnOs, or LMO), and lithium nickel
(Ni) manganese cobalt oxide (LiNiMnCoO, or NMC).l?I Lith-
ium-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 bat-
tery 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 electro-
lytes are toxic to humans.!3% 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 bat-
teries in implantable and ingestible biomedical devices.3! A large
portion of today’s commercial medical devices use lithium-based
batteries as their on-board power source due to their reliability.3?
Lithium-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.l
Lithium-based batteries are also the preferred choice for hard-
to-retrieve and single-use devices due to their high energy den-
sity. The most well-known biomedical devices that utilize lithium
batteries as their power sources are cardiac pacemakers. Li/I, bat-
teries have been powering pacemakers since they were first devel-
oped in 1972 and are still used in pacemakers today due to their
reliability and predictability*”] 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 LIBs.[02

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. Silver
oxide Datteries, 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
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prone to thermal runaway.'*¥l Indeed, silver oxide Dbatteries 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.8119133] However, the
toxic metal and caustic electrolytes in silver oxide batteries can
still be hazardous if the battery is retained or ruptured./

There are other types of primary cells such as zinc-air bat-
teries, 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-Lithium-Based Rechargeable Batteries: For recharge-
able Datteries 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 cur-
rent discharge rate, fast charging rate, and thermal stability.'4
However, since cadmium is toxic to humans and poses an envi-
ronmental hazard, the sale of NiCd batteries has been restricted
since 2006 by the EU battery directive.'” Nickel metal hybrid
(NiMH) batteries was developed as a substitute for NiCd bat-
teries in 1990s.34 NiMH Dbatteries have a higher energy den-
sity and are less toxic than NiCd batteries but they also have a
shorter cycle life and a shelf life. NIMH batteries are consid-
ered 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 explo-
sion when overcharging. Lead acid batteries are the most eco-
nomical 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.['*!

The major characteristics of the batteries introduced in
this section are summarized in Table 3, which also lists the

Table 3. Summary of battery technologies in biomedical field.

desirable characteristics of implantable and ingestible biomed-
ical 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 bat-
teries. However, challenges remain, especially in terms of
volumetric energy density and safety. Electronic miniaturiza-
tion allows more functionalities to be added to devices, which
increases power requirements. Recently, new material-based
battery systems have been developed with higher energy den-
sities. Also, battery components can be arranged in different
geometric orientations in order to efficiently leverage the lim-
ited 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.l]
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. #1142
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 (KIBs), and calcium-ion bat-
teries (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.3-14] CIBs
use multivalent ions as charge carriers, which are capable of
transferring multiple electrons per ion.! This means, in

Battery type  Rechargeability Cathode Anode Voc Gravimetric ~ Volumetric Cycle life  Self-discharge time Safety Application
material material [V]  energy density energy density
+) -) [mWhg  [mWhcm™]
Li Nonrechargeable I, MnO,, Li 3.1-3.3  200-500 361371 500-1000 ['37] N/A Very Risk of thermal Implantable
CF,, SVO, SoCl, long (10 years) 1281 runaway electronics
Silver Nonrechargeable Silver Zn 1.6 150-250 [136) 400-800 [13] N/A Long Free from Ingestible
oxide oxide (57 years) thermal electronics,
runaway, Capsule
hazardous endoscopy,
when ruptured insulin pump
Li-ion Rechargeable  LiCoO,, LiFePO,, Graphite 3.3-3.8 90-240  200-700 36138 5002000 ['3¢] Long Protection  Implantable
LiMnyOy, [136,139,140] (3 years) 28] circuit is electronics
LiNiMnCoO, mandatory, low

toxicity[%l
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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 abun-
dant elements in the earth’s crust"] 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.* NIBs are considered safer than LIBs and are
less prone to thermal runaway.*! Potassium has a lower reduc-
tion 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 densi-
ties that NIBs and KIBs can have. The theoretical energy densi-
ties of Na (1166 mAh g7, 1131 mAh cm™) and K (685 mAh g,
590 mAh cm™) metals are small compared to Li (3862 mAh g},
2062 mAh cm™3).'”l Furthermore, the common cathode mate-
rials for LIBs would be easily disrupted in NIBs or KIBs, 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.™ This results in a low practical capacity,
reduced performance, poor cyclability, and sometimes even elec-
trochemical inactivity. Thus, the selection of host materials for
the intercalation cathode in NIBs and KIBs is very limited.[0>"
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 commer-
cialized NIBs on the market, they are mostly developed for elec-
tromobility or large-scale energy storage and still have high man-
ufacturing costs which make them just as expensive as LIBs.>?
Hence, understanding the structural and electrochemical proper-
ties 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.[11153-157]

Calcium is the third alkaline earth metal, and is the fifth most
abundant element in the earth’s crust.] The standard reduc-
tion 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 g7,
2072 mAh cm™) is also similar to that of Li (3862 mAh g,
2062 mAh cm™).'?158] Calcium has a lower polarizing char-
acter than magnesium or aluminum, thus Ca?" ions are more
mobile in liquid. Compared to LIBs, CIBs are less toxic and less
prone to thermal runaway.'>® However, the technology is still
in its infancy: there are few actual prototypes and their oper-
ating 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.[4:142146.160l 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;
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only a few candidates have been proposed to date.150] Ca%*

ions 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.l6"162 Other
candidates for next-generation, energy-dense, safe, and cost-
efficient batteries for biomedical applications include magne-
sium batteries, aluminum ion batteries, nickel-zinc batteries,
a silicon-based anode for LIBs, proton batteries, and graphite
dual ion batteries.'®3-13] However, most of these state-of-the-art
battery technologies are being developed for large-scale appli-
cations, 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 miniaturiza-
tion, cost efficiency, and efficient operation at room tempera-
ture for biomedical applications.

Solid-State Batteries: LIBs, like most other types of bat-
teries, 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 elec-
trolytes, 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 electro-
lytes are also less flammable, more robust and flexible, and
more resilient to shock, vibration, and high temperatures.[74
They have a slower self-discharge rate, a higher gravimetric
energy density, and a more uniform output voltage than con-
ventional liquid electrolytes. They eliminate the need for sep-
arators and other packaging restrictions, which enable flex-
ible cell structure designs with various form factors.””] 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.” Solid-state primary or secondary bat-
teries are already capable of meeting lifetime and power density
requirements for low-power medical devices such as cardiac
pacemakers.”] Various kinds of materials have been inves-
tigated for use as solid-state electrolytes. They can be broadly
classified by type: polymers, polymeric gels, ceramics, glassy
materials, and hybrid composites.l”%l The thickness of the elec-
trolyte can range from hundreds of nanometers to hundreds
of micrometers, depending on the fabrication method.'”4 The
most common solid-state electrolyte materials used in lith-
ium-based batteries include oxide-type, sulfide-type, hydride-
type, halide-type, borate or phosphate-type, thin film-type, and
polymer-type.[76-178] 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 electro-
lytes for lithium-ion batteries.l”7"78] 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
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a conventional coin-type cell, which was flexible and easy to
use.[® For non-lithium based battery systems, ceramics are the
most commonly used solid-state electrolytes.”) Phosphates,
such as NASICON, are the most promising solid-state electro-
lytes for sodium-ion batteries, and sulfide-based solid-state elec-
trolytes are used in many solid-state battery systems. 7180

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 commer-
cial 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, pre-
venting dendrite formation on the electrode/electrolyte interface,
and increasing mechanical and chemical stability."+18-192]

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 proce-
dures, which can cause complications including patient discom-
fort 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 com-
ponents, 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 biodegradable metals such as Mg and Zn, since they
each possess a high theoretical energy density (Mg: 2200 mAh g},
Zn: 820 mAh g™) and excellent biocompatibility (maximum
daily allowance Mg: 350 mg day, Zn: 40 mg day?).1193-1%]

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. Biode-
gradable metals such as Fe, tungsten (W), or molybdenum (Mo)
can serve as substitutes for conventional cathode materials.”’]
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 dissolv-
able metals being evaluated in the body should undergo rig-
orous 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 biode-
gradable hydrogel or polymer. Biocompatible and degradable
packaging made from for example polyanhydrides, polycapro-
lactone (PCL), or polylactic acid (PLA) could ensure the com-
plete biodegradability, longevity, and stability of the batteries.
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In one study, a fully transient biodegradable Mg/Fe battery
system with an MgCl, electrolytic solution was fabricated
using a MEMS process.®! Its performance was sufficient to
power transient implantable electronic systems, with an energy
capacity of 0.7 mAh and a peak power output of 26 uW.

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 (“mela-
nins”). 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 L% Another group developed a biodegradable,
flexible micro-supercapacitor that consisted of melanin drop-
casted carbon paper electrodes operating in aqueous electro-
lytes. This supercapacitor had a power density of 5.24 mW cm™2,
an energy density of 0.44 m] cm™2, and a specific capacitance of
4.3 mF cm 2% Both examples demonstrate that biologically
derived materials have great potential to make fully biocompat-
ible and biodegradable on-board energy supply and storage sys-
tems 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 espe-
cially limited due to the risk of GI obstruction and device reten-
tion.B% Pill-shaped and round ingestible systems are normally
used as a reference point when developing ingestible electronics,
since they have a known safety profile:®% the largest standard
capsule (000) has a diameter of 9.91 mm and a locked length
of 26 mm. Ingestible devices that are larger than these dimen-
sions, such as the PillCam COLON capsule, which has a diam-
eter of 11.6 mm and length of 33 mm, are sometimes unable to
be passed out of the GI tract: the retention rate of the PillCam is
1.4% and it is often linked to obstruction of the GI tract.200-204
In 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.®”l 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 Datteries include their footprint (micro/large
area batteries), thickness (thin film or bulk), mechanical proper-
ties (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 devel-
oping flexible, low profile, or microsized batteries without
compromising energy density. One major breakthrough for
miniaturized battery (microbattery) and flexible battery tech-
nologies 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.
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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.?2%7] [n some studies, nanocarbons, gra-
phene, carbon nanotubes, or paper were combined with elec-
trochemically active materials to make flexible electrodes.208-211]
Most of these flexible batteries are based on well-studied bat-
tery 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.[?!?!

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.?!3] For
example, the smallest lithium-ion microbattery on the market
has a size of 1.75 x 2.15 x 0.02 mm? (EnerChip, Cymbet Corpo-
ration)."! However, the energy densities are very low (=5 uAh)
and typically only allow a few hours of active operation.*"!
Flexible batteries are already widely used in various applica-
tions, such as smartphones, wearable healthcare devices, and
skin patches; their capacity is comparable to conventional rigid
LIBs. 121 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 cm™2, 3.8 V), making

www.afm-journal.de

it suitable for medical devices and consumer electronics.?"/l 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 bio-
compatible flexible LIB using the standard CMOS process;
it had an unprecedented energy density of 200mWh cm™
(6 mWh cm™), was lightweight at 236 ug for each microcell
(225mm x 17mm x 30 pm), and was mechanically stable
during 120 cycles of operation.?"¥! These batteries were inte-
grated 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.?3) Another group developed gel-
based microbatteries that were safe, noncorrosive, and nonflam-
mable and demonstrated that they could be used for low power
ingestible and implantable devices.?®®l The energy density of
these gel-based microbatteries was 3.94 mAh cm™>, for a total
capacity of 0.79 mAh, which is enough to power ingestible sen-
sors requiring 4.69 mA for 168 h. (OCV 0.7 V, 7 mm x 7 mm)

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

Major challenges of batteries
(Biomedical applications)

Safety

{ Volumetric energy density ]

Solid-state batteries

5
Non-Li metal based batteries

A B

Comparison of energy density
of different battery chemistries

Solid-state electrolyte

Batteries with
versatile form factors

Transient batteries

oC °H 00 uN( ONa' oo
Melanin-based edible batteries Graphene-based

microsupercapacitor

Silk/Mg-based
biodegradable batteries

Flexible Li-ion microbatteries

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.l*? Copyright 2020, Elsevier. Reproduced with permission.?'® Copyright 2019,
Frontiers Media S.A. Reproduced with permission.[?2% Copyright 2016, Wiley-VCH. Reproduced with permission.[??!l Copyright 2017, American Chemical
Society. Adapted with permission.?22l Copyright 2017, American Chemical Society. Reproduced with permission.?¥l Copyright 2017, Springer Nature.
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Figure 4. Energy sources available around the human body and biomedical devices that can be powered by these energy sources. Reproduced with
permission.?2l Copyright 2012, Springer Nature. Adapted with permission.22 Copyright 2011, IEEE. Reproduced with permission.?2l Copyright 2020,
Elsevier. Reproduced with permission.[??6] Copyright 2013, Elsevier. Reproduced with permission.??’] Copyright 2016, Elsevier. Adapted with permis-
sion.l?28 Copyright 2010, SAGE Publications. Reproduced with permission.??’l Copyright 1996, Elsevier. Adapted with permission. Copyright 2018,
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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 mechan-
ical, 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 sub-
stances. This energy can be released by undergoing a chemical
reaction. Molecules or ions that can act donate or accept elec-
trons 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
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respiratory system. In the GI tract, or digestive system, gastric
motility can be a mechanical energy source. Endogenous chem-
ical 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 GI fluid also possess chem-
ical 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 main-
tain 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 har-
vesting. If devices are implanted at the locations where there
are no accessible endogenous energies, exogenous energies in
the form of ultrasonic or electromagnetic waves can penetrate
through the biological barriers and wirelessly deliver the ener-
gies 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
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Table 4. Amount of energy available from endogenous and exogenous  exogenous energy sources shown in Figure 4. Employing suit-
energy sources. able energy harvesting or transfer methods will empower sus-
tainable ways to power in-body electronics.

Type Energy source Available energy References
Mechanical Heartbeat 0.93 W [104]
Blood flow 50-150 cm s [230] 3.1. Mechanical Energy Harvesting and Energy Sources
Breathing 0.41 W [104]
Gl motility Table 8 3.1.1. Mechanical Energy Harvesting Methods
Center of mass 20w 104 Piezoelectric Energy Harvesters: Piezoelectric effect is the phe-
Shoulder 22w 104 nomenon of conversion between mechanical vibration and
Knee 364 W (o4 electrical charges in piezoelectric materials such as quartz,
Ankle 66.8 W [104] topaz, cane sugar, zincblende, tourmaline, and Rochelle salt.?*?]
Heel strike 20w [104] Applying an electrical voltage to a piezoelectric material will
Chemical Blood glucose 45 %10-3-10 X 10° m [231] generate a change in its geometry—it will either expand or con-
CSF glucose 4% 10225 %10 m (232-234) tract: this is calle.d the converse pi.ezoelectr?c effect. I.n additifm,
Gl oH oH 18 235) Yvhe'n a mechanical stress is applied to a ple{zoelectrlc ma’@nal,
it will generate an output voltage that is directly proportional
Gl nutrients Teble 10 to the amount of pressure applied: this is called the direct
Electromagnetic EM wave 10 mW em™ (236] piezoelectric effect (Figure 5b).[3924 Due to the direct piezo-
Ultrasound Average 101000 mW cm™2,  [237] electric effect, piezoelectric material-based energy harvesters, or
max pulse 190 W cm2 piezoelectric nanogenerators (PENGs), can convert the mechan-
Bioelectric Endocochlear potential 70-100 mV [223] ical energy present in small vibrations into electrical energy.
Compressive Stress Tensile Stress

(@) (b)

3: Electrical poling direction

1
: Preferential
chain direction

Poling Field

Expansion Contraction

Figure 5. The working principle and operation modes of the PENGs. a) Electrical poling direction 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.38l 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 their original position, and the material will return to their initial geometry.
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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.?**-241 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 (Ty), 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 tem-
perature below the T, 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.[2#]

Due to the nature of the piezoelectric activity in amorphous
polymers, electroactivity is only observed below T,, when the
chains are “frozen” and a cooperative movement of the back-
bone atoms in the polymer is restricted. Above T, 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 sem-
icrystalline 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 T,, and up to the Curie temperature (T;).[**]

The piezoelectric effect can be quantified by the piezo-
electric coefficients (d,,), which is defined as the ratio between
the induced or applied electric polarization and the applied
mechanical stress or induced strain of the piezoelectric mate-
rial. The subscript letter “x” represents the direction of the
applied mechanical stress or induced strain of the piezoelectric
material, and “y” 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 deforma-
tion and have coefficients similar to those observed in bone
(dis = 0.7-10 pC N7Y); this property has been explored for use
in tissue engineering applications.[?>*2>] 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 piezo-
electric 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,
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Table 5. 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), (S-CN)APB/ODPA: nitrile substi-
tuted polyimide.

Polymer Piezoelectric coefficient [pC N7] References
PVDF 18-27 [240,241,244,245]
PVDF-TrFE 10-31 [246-2438]
PLA 3-10 [245,249,250]
pPvC 0.7 [243,251]
PAN 1.7 [243,252]
PVDCN-VAc 7 [243,253]
(B-CN)APB/ODPA 0.3 [243,254]

or fluxes in biofluids, into energy to power implantable medical
devices.[?0>2%] The manufacturing process is easily scalable and
often compatible with CMOS fabrication process. PENGs can also
be used for flexible and stretchable devices.?”l The lifetime, reli-
ability, and high energy density of piezoelectric materials make
them ideal for use in implantable energy harvesting devices.

Triboelectric Energy Harvesters: In triboelectric devices, elec-
trostatic charges are generated when two different materials,
which have electrically charged surfaces, are brought into con-
tact. 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 tribo-
electric 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 bio-
medical 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 dis-
similar 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

Table 6. The piezoelectric coefficient of most biological macromolecules.

Polymer Piezoelectric coefficient [pC N] References
Chitin 0.2-1.5 [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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Figure 6. a) The triboelectric series of the common triboelectric materials used for biomedical applications.?’0-?5l b—e) The working principle and

operation modes of TENGs.

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 sur-
face with respect to the other changes the contact area 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 sepa-
ration mode in the direction of relative motion, but the two
moving parts are not electrically connected (Figure 6d). One
of the moving 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
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the electrode and ground.?®826% This mode is widely used for
mobile applications like walking, where it is difficult to electri-
cally connect dielectric materials to an external load.[?®! Finally,
in the free-standing mode, two identical electrodes coated with
a dielectric material are in contact with a sliding dielectric sur-
face, in which triboelectrification and electrostatic induction
causes a cyclic movement of charges between the electrodes
(Figure 6e).1268.26%

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.””-’"] 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.?80-283] While PENGs are better
at harvesting energy for high-frequency vibrations, TENG
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(a)

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.

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.?80?84 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.[28>:280]

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 mag-
netic 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.?®! The first electrical generator
was developed by Michael Faraday and consisted of an electri-
cally conductive disk that could be rotated between magnets
to induce a current to flow through a wire (Figure 7c).188 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.[?89-29 The ability of an electrical generator to produce
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power from a variety of motion 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.?®”] Efforts have
been made to harvest energy from a variety of motions pro-
duced by the human body such as abdominal movement, body
vibration, and walking.[?>-2° 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,?*¥ 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 gener-
ating 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 unidi-
rectional 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
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Figure 8. The working principle of AWSs.

produced by one electrical impulse depends on several param-
eters including spring stiffness, transmission gear ratio, and
load resistance.?®! 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 W (£10.7 wJ).?%! Furthermore, the energy conversion
efficiency of an AWS is significantly affected by its coupling to a
mechanical energy source: the original vibration of the mechan-
ical energy source will be significantly dampened if the device
is not tightly fixed to the mechanical energy source at the right
tilting angle.?® This system is commonly used in a wristwatch
and the fabrication cost is relatively low. However, like an elec-
trical generator, it is large and bulky compared to other mechan-
ical 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 trans-
forming mechanism of the automatic wristwatch to harvest
mechanical energy in vivo from cardiac contractions.?°!

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.??2%8] The output power and
frequency of a beating heart can vary depending on numerous
factors including fitness and activity level, smoking status, car-
diovascular health, metabolic health, ambient air temperature,
body position, emotional state, body size, and medication use.
The mechanical energy present in blood vessels depends on
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Oscillating
eccentric weight

Mechanical rectifier

the dynamics of the blood flow. The cardiac cycle of the heart
causes a cyclic change in blood 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.?*3%! The velocity of
normal human blood flow, which can be measured by 4D flow
MRI, varies with age, cardiac output, and anatomical site.?3% The
average blood flow rate in the ascending aorta is 50-75 cm s7!
and peak systolic velocity can be up to 100~150 cm s7112*% 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 auto-
matic 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 har-
vest 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).°%U 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.%! Furthermore, they are brittle, which creates addi-
tional manufacturing challenges since PENG devices should ide-
ally 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 applica-
tions 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 pace-
makers (Figure 9b).3%] This TENG device was able to generate
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Figure 9. Examples of systems that harvest mechanical energy from the circulatory system. a) Adapted with permission.3%" Copyright 2014, National
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a maximum energy of 0.495 uJ from each cardiac cycle, which
is enough to stimulate the heart to beat (the endocardial pacing
threshold energy in humans is 0.377u]).2% In another study,
an implantable and biocompatible multilayered TENG attached
to a porcine adult heart was able to achieve a maximum elec-
trical output voltage of 14 V and a current of 5 UA from each
heartbeat cycle.?%] 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 elec-
trodes, spacers, and triboelectric films packed with biocom-
patible polymer layers; this sensor was able to monitor mul-
tiple 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.[%°!

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.”¥ More recent studies,
which used computational and MRI-based analysis to opti-
mize coupling between the heart motion and the AWSs, have
led to higher energy conversion efficiencies and power outputs
(Figure 9¢).[2>3%1 The power output harvested by AWSs ranges
from 16.7 to 44 uW and the approximate conversion efficiency
is 16.8%.429°3%7] Since the power consumption of a low-power
cardiac pacemaker can be reduced to 8 uW, AWSs could power
pacemakers by harvesting energy from the heart’s motion.%!

Electrical generators have also been proposed to harvest
energy generated by blood flow.?89309312 [n one study, an
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electrical generator was designed to allow blood to flow through
a housing to drive the rotation of a rotor (Figure 9¢).2% When
the rotor, which contained permanent magnet bars, rotated
inside the housing, which contained four pairs of coils, elec-
tricity 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~". 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 flex-
ible and thinned down to 100 um.3%"3%] 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 respon-
sible 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 max-
imum pressure for females is 66 cmH,0 and for males is
102 cmH,0.B1 The most ideal location to place an energy har-
vester 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.I'* The normal res-
piratory rate is 12-20 bpm for an adult at rest.}'*3" 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
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convert it into useful electrical energy to power small biomed-
ical devices. Dagdeviren et al. developed a device made from
flexible piezoelectric PZT elements, rectifiers and microbat-
teries to store energy harvested from respiratory movements
(Figure 102).3%1 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 pace-
maker (Figure 10b).””) 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 per-
manent magnet arrays was developed to harvest energy from
respiration (Figure 10c).2%2 The device, which consisted 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 279 cm?. 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 1kQ, the maximum power output was 1.1 mW.

GI Motility in the Digestive System: In the GI tract, there is
a wide range of mechanical motion that aids in the passage,
mixing, and mechanical digestion of ingested foods. At a fun-
damental 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 Ca* which activates tropo-
myosin, resulting in cell contraction.?%l The selective contrac-
tion of cells results in the endogenous activities of the GI tract.
In general, the GI wall consists of several layers of mucosa,
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muscle, and connective tissue (Figure 11a).3Y] 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 GI mechanical
motion is to use manometry, in which pressure waves gener-
ated by GI contraction are measured by a pressure-sensitive
catheter. Manometry studies have been extensively conducted
in most regions of the GI tract in humans including the esoph-
agus, stomach, small intestine, and colon, and the measured
pressure amplitudes and waveforms can be used to repre-
sent mechanical activity (Figure 11b, Table 7).320-324 Electrical
impedance and electrogastrogram measurements have also
been used to characterize GI motility, but their use is less wide-
spread clinically.l'832%] Electrical measurements can be used to
characterize GI motility because the extracellular potential of
smooth muscle cells in the GI tract changes during contrac-
tion, which is called the slow-wave or basal electrical rthythm
(Figure 11c, Table 7).1319:320]

Each section of the GI 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 GI tract),
while the lower end contains primarily smooth muscle which
undergo distension-induced peristalsis to transport the food
bolus to the stomach.[’?8 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.??%! 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 II, the
esophagus contracts and the luminal diameter is reduced.*!
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 I distension. The wall thickness drops from 5 to 3 mm
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Figure 11. Mechanical physiology of the Gl tract. a) Cross-section of cells in the Gl tract. Reproduced with permission."] Copyright 2009, Elsevier.
b) Manometry example showing a migrating myoelectric complex (MMC). Reproduced with permission.B™®l Copyright 2020, Springer Nature.
c) Example waveforms of the slow waves that regulate mechanical contraction. Reproduced with permission.?'™ Copyright 2006, Annual Reviews Inc.

and the pressure drops as well. Afterward, in Phase II contrac-
tion, the luminal radius goes back to 3.5 mm. The wall thick-
ness increases from 3 to 6 mm. After Phase II contraction, the
wall thickness goes back to its original thickness. Since a typical
human esophagus is 180-250 mm in 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~1.1332:333]

The stomach is a j-shaped muscular organ containing the
fundus, corpus, and antrum, all which have separate mechan-
ical activities. The fundus, the region closest to the esophagus,
relaxes and distends to allow food to enter, while peristaltic

Table 7. Mechanical characteristics of GI motility.

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 intes-
tine.334 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 sepa-
rate 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,

System Pressure wave amplitude Contraction phenomenon Pressure wave frequency Electrical activity References
Esophagus 40-180 mmHg (swallowing), 5-10 Connected to CNS Swallowing, 1-2 min™ [327,328]
mmHg (peristaltic amplitude)
Stomach <10 mmHg (antral), 60.5 + 8.9 mmHg MMC 1-3 min™' (antral, Phase I11) =3 min~ (Slow wave) [329]
(Pylorus, Phase 1)
Small intestine 18-62 mmHg (Phase I11) MMC 11 min™' (Phase 111 10-20 min™' [318,322]
Large Intestine  14.6 £ 11.1 mmHg (simultaneous pres-  Peristatis/retroperistatis, giant  Simultaneous pressure wave, 14+ 3-8 min~' (Slow wave) [330]

sure waves)

migrating contractions

0.6 min, 1-2 day™ (giant migrating
contractions)
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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.’3*! When it passes an individual
segment, that region undergoes intense contractions of vari-
able frequencies ranging from 2-3 contractions per minute in
the antrum of the stomach to 11-12 contractions per minute in
the duodenum.*! Following MMC contractions (termed Phase
II1), the region undergoes a period of lower activity (Phase IV),
followed by quiescence (Phase I), and then irregular contrac-
tions (Phase II), before returning to intense activity. During the
“fed state,” the MMC cycle disappears, but irregular phasic con-
tractile 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.}34 The slow waves
originate from the mid part of the corpus at the greater curva-
ture and propagate toward the pylorus.3® 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 s7". In the small intestine, the contraction propa-
gates at a velocity of about 0.25 cm s and the duration of each
contraction is around 5 5.3%7! 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 s7LB% It 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 GI tract. In a human subject
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experiment, it was shown that 45 min after taking 800 mL
of a 5% glucose liquid, 40% of the liquid meal was left.1338l
Assuming the pyloric ring has a diameter of 1 cm, the average
velocity of liquid passing through the pylorus is 0.23 cm s7! if
the secretion/absorption in the stomach is neglected.*’]

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' as measured by manometry; this motion has been
hypothesized to induce segmentation and optimize the extrac-
tion of water and salts via continuous mixing.32#33% 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 sam-
pling resolution of 1 cm, antegrade pressure waves occurred 73
times while retrograde pressure waves occurred 144 times.*
The average propagation speed of the contraction waves inside
the colon is 25 cm min~.* Depending on the phase of con-
traction and the viscosity of the feces, the maximum antegrade
volume flow rate can be as large as 34 mL s~1.34

There are only a few reports within the literature about har-
vesting mechanical energy from the GI 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 con-
trol (Figure 12b).°%l 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).3*! The corpus of the stomach is
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Table 8. Summary of mechanical energy harvester: in vivo examples.

Year Organism  Implant site  Mechanical Frequency/avail- Materials of Power Power density Output ~ Output Test period Application References
energy able energy of energy harvester output current  voltage
source energy source
PENGs
2014 Bovine Heart Heartbeat ~ 80-120 bpm PZT - 0.18 uW cm=2 - 4.06-4.32V - Pacemaker [307]
2014 Bovine/ Lung Breathing 12-18 bpm PZT - - - 4v - Pacemaker [227)
ovine
2016 Pig Ascending  Pulsation of  Systolic BP: PVDF 10-40 nW - - 2V (Peak V) - BP monitoring  [343]
aorta aorta 160-220 mmHg,
HR: 108 bpm
2017 Pig Stomach Gastric - PZT - - - 0.06-0.1V 48 h Gastric
motility motility sensor
TENGs
2016 Pig Heart (left Heartbeat 80 bpm Kapton-Al - - 5uA 14V 72h Wireless HR [305]
ventricular) monitoring
2016 Pig Heart Heartbeat ~ 60-120 bpm PTFE-Al - - 4 uA 10V 2 weeks ECG/HR/BP  [306]
monitoring
2014 Rat Respiratory  Breathing 50 bpm Kapton-Al - - 0.14 A 373V - Pacemaker [77]
system (under (motion of
left chest skin)  thorax)
2018 Rat Digestive Gl motility 0.05 Hz PTFE-Cu - - - 0.1V (Vat 15days Vagus nerve [93]
system 0.3 MQ) stimulation
(stomach) for weight
control
Electrical generators
2009 Human Ankle Walking 1-1.7 Hz Magnet (NdFeB) 3.9uW 2.6 yW cm™ 0.0594V - - [294]
2016 Goat Circulatory Blood  BP:54.75 mmHg, Magnet 34mW 1.08 mW cm™ 77.4mA 7.6V (Peak- - - [309]
system (left  circulation Blood flow: 2.68 (NdFeB), ferrite (Peak I)  to-peak V)
ventricular L min™ core
apex)
AWSs
1999 Dog Heart (right  Heartbeat 200 bpm AWS systemB# 44 pw - - 0.6 (Peak-to- 30min  Pacemaker [74]
ventricular wall) with polyvinyl peak V)
case
2013 Sheep Heart (left Heartbeat 90 bpm ETA 204 (ETASA, 16.7 uW - - - Th Pacemaker [307]
ventricular mid Switzerland)
lateral wall)
2016 Pig Heart (left ~ Heartbeat 90 bpm ETA 204 (ETASA, 37 uwW - . - 40 min  Pacemaker [295]
ventricle) Switzerland)

an ideal location for harvesting energy: its large volume enables
devices to reside there without obstructing flow and it under-
goes significant distension (from 15 to 1500 mL), which can be
a source of mechanical energy for a piezoelectric or triboelec-
tric generator.** The fluid flow in the esophagus and the retro-
pulsive 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. How-
ever, there are still significant challenges to be overcome in
order to harvest mechanical energy from the GI tract. Devices
must be designed to minimize obstruction and must not sig-
nificantly alter the function of organs. Furthermore, they need
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to conform to the surface of the target organ in order to opti-
mize mechanical coupling and energy transfer; mechanical
energy harvesting in other organs is relatively inefficient (=1%),
and consequently their applicability is limited to electronics
with low power requirements.3% Additionally, motion in the
GI tract tends to be irregular, dependent on feeding patterns
and food bolus transition, and the direction of mechanical con-
tractions 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 GI 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.
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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 (E°) of typical redox reactions at the anode and

cathode.#]
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, where the substances
are oxidized or reduced, are called the anode and the cathode,
respectively. When the anode and cathode are electrically con-
nected, 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 reac-
tions at the anode and cathode. The standard reduction poten-
tials 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 differ-
ence between the thermodynamically determined reduction
potential and the experimentally observed potential of a half-
reaction.}*] In other words, it is additional energy required for
the reaction to occur. There are three common forms of over-
potential: 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 over-
potential, which is affected by the conductivity of the electrolyte
and geometry of the cell. Thus, to maximize power output, a
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galvanic cell should be designed with the following character-
istics: a large potential difference between the reduction poten-
tial 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 sub-
stances 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.?¥] The oxidized form
of a metal such as CuCl can also be used for the cathode.’* 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 deteri-
orate 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
thythm "8 The diffusion rate of the reducing substances can be
decreased due to protein absorption, biofouling, or anodic-cor-
rosion deposits on the cathode.3*! 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 generates energy. Conse-
quently, a commercial product that utilizes a biogalvanic cell
as its power source is limited to short-term use: for instance,
ingestible event markers.® The cell life can be prolonged by
increasing the amount of anode metal and limiting the anodic
corrosion products.
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Figure 14. The working principle of biofuel cells. a) Abiotic biofuel cell, b) enzymatic biofuel cell, and c) microbial fuel cell. The ion exchange membranes
are often omitted for implantable and ingestible biofuel cells to simplify the cell structure.

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 bio-
molecular fuel source is oxidized at the anode, which drives
electron transfer; oxygen reduction occurs at the cathode.?#-352
Glucose is a common fuel for these biofuel cells, since it is rela-
tively 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 con-
necting multiple cells in series to be able to provide voltages suf-
ficiently high to power conventional electronic systems./%:353-3>]

Biofuel cells can be classified into three separate types,
depending on the mechanism which enables oxidation/reduc-
tion: 1) abiotic fuel cells, which use inorganic mediating species
(Figure 14a); 2) enzymatic biofuel cells (EBFC), which use bio-
logical 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 elec-
trons 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 cur-
rent densities and undesirable side reactions on the electrode
surfaces resulted in overpotential issues which limited voltage
output.?>] More recently, enzymatic fuel cells have been min-
iaturized and were demonstrated in vivo with a variety of dif-
ferent materials and enzymes (Table 10) where the enzyme was
immobilized physically or mechanically on the electrode. Enzy-
matic 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).76:353:354357-362] Microbial 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.
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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.1%3]

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 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 107 to 10 x 107 w,
depending on the prandial state.?3!l Glucose also exists in the
form of glycogen in the liver (100 g) and in the muscle (400 g).2%4
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 7750 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.?>335:3%8] Furthermore, several studies have dem-
onstrated 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.l’*” One
study demonstrated that I,. 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).3%! This is possibly because the circulatory system
contains a higher glucose concentration and blood flow and
oxygenation mitigates local oxygen depletion.*®l 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
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not insurmountable: recently, flexible electronics used for the
placement of “smart” catheters and stents have been devel-
oped which can operation in vivo over the long-term without
inducing obstruction or damage.?%3%81 These advances dem-
onstrate 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.**”! 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 bat-
teries; 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
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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 cerebro-
spinal fluid.?” A separate research group demonstrated the
acute implantation of an enzymatic glucose biofuel cell into the
brain of a rat, which achieved a power density of 2 uW cm™2
(Figure 15a).7! Interestingly, the authors of this study noted
that when a barbiturate was administered to the animal, the
open-circuit voltage (V,) 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 com-
monly used for biomedical implants; implanting devices in this
space is associated with lower surgical risks and high mechan-
ical stability. Implantable insulin pumps are commonly placed
in the peritoneal space so that it causes minimal interference
with patients’ daily life.[372:373]
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Figure 16. Intraluminal physicochemical composition of Gl tract.

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 har-
vesting energy from the retroperitoneal space could be a viable
strategy for powering electronic devices.l’’!l 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).136366] 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 retrop-
eritoneal 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.6:354361]

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]
Zn, Mg, Al were used as anode materials and platinum (Pt)
black cathode material. Recently, most of the studies on implant-
able galvanic cells have been focused on fabrication techniques
to make the galvanic cells thin and flexible or on creating biode-
gradable electrode or electrolyte materials.'**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 bio-
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fuel source for implants.[*32-38¢ Examples of implantable biogal-

vanic cells and their features are summarized in Table 10.

pH and Nutrients in GIF of the Digestive System: The GI tract
contains a complex mixture of substances, which include elec-
trolytes, 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 con-
vert chemical energy to electrical energy in an electrochemical
cell.

An abundant amount of electrolytes is secreted into the
lumen of the GI tract by different glands, making it a valu-
able 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 GI
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 GI 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 GI 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 swal-
lowed saliva or sporadic duodenogastric reflux.*3l 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
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the caecum, which is caused by short-chain fatty acids produced
by bacterial fermentation.*®l 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 con-
sumption.?*®l GI pH values also vary from person to person:
usually, a wide range of values are observed.

The GI 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 sub-
stantially 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 diges-
tion and absorption rates of the nutrients in each organ. The
median values of carbohydrate, protein, and lipid concentra-
tions in each GI organ for both prandial states are shown in
Figure 18 and Table 10. The amount of nutrients in the intra-
luminal 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 study, the carbohydrate and
protein content in the stomach was measured to be 49.1-152.1
and 11.2-23.3 mg mL™ when a liquid meal with a carbohydrate
and protein content of 202 and 62 mg mL™, respectively, was
administered.**” 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 pro-
teins and lipids is very low, since the digestion and absorp-
tion 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 carbohy-
drates that reach the upper small intestine end up reaching the
colon.33]

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 GI tract; the colon environment exhibits near
anaerobic conditions. Nitrate or sulfate can also serve as elec-
tron acceptors for microbial fuel cells, but their concentration
is usually below 10 x 107 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 kgL Total osmolality decreases
slightly as one descends in the GI tract in both prandial states
(100-200 mOsm kg! in the fasted state and 200 mOsm kg' in
the fed state). The buffer capacity of a fluid is the amount of
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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 GI tract. The baseline
buffer capacity of the GI tract lies in the range of tens of mmol
L' ApH! but in the fed state, it is usually two times higher.
Considering the abundant chemical energy that exists in the
GI 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 2008.4%4 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™ of maximum power density in an in vitro
verification test with synthetic gastric fluid that had a pH of
1.2. Other proof-of-concept in vitro examples include a flex-
ible Zn/Pd gastric battery that had a surface power density of
8.3 mW cm™2.[% 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 cou-
pling telecommunication system through pork meat blocks.
In another study, edible, biodegradable, and flexible cur-
rent sources utilized activated carbon/MnO, as the anode/
cathode pair and gastric juice as the electrolyte.l**%! Potentials
up to 0.6 V and currents in the range of 5-20 mA were gen-
erated in a 1 m Na,SO, buffer. The first in vivo device that
demonstrated the ability to harvest chemical energy from the
GI tract was reported in 2015. This prototype used Mg/CuCl
for the electrode pair and used gastric fluid as the electrolyte.
Upon contact with gastric fluid, sufficient power was gener-
ated to allow an integrated circuit to transmit a signal for 2 s
(Figure 17b).! 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 (sur-
face) power density of 23 uW c¢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 GI tract to an
outside receiver (Figure 17a).’®l 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. Inte-
grating 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 character-
istics at the electrode surface.l**l 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.”®!
Even though the abundant chemical energy sources make GI
tract an appropriate place for a biofuel cell to harvest energy,
the application of biofuel cells to GI tract has not been suffi-
ciently explored. Very few proof-of-concept studies have been
able to harvest energy from nutrients in GI tract utilizing bio-
fuel cells. To date, we have not found an example in the litera-
ture 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 implant-
able/ingestible devices in the GI tract. While the stomach is
abundant in nutrients in the fed state,?% its acidic environ-
ment 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.*”] 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
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for both enzymes and microbes. In contrast to the stomach,
the neutral or slightly acidic environment of the small intes-
tine 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).’¥) It had a (surface) power den-
sity of 282 uW cm™ with V,. of 0.24 V when placed in a pH of
74 PBS that contained 500 x 10~ 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 concentra-
tion of electron donors. Thus, the oxygen level could be a poten-
tial 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 defi-
ciency. 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 loca-
tion in which they operate would be also improve the perfor-
mance 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 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%.% Some studies have sought to deliver enzy-
matic 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.[**®! 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 monosac-
charides; 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.*! Some gut microbes, called exoelectrogenic microor-
ganisms, exhibit extracellular electron transfer (EET), a phe-
nomenon in which electrons generated by nutrient fermen-
tation are transferred from inside their surface to the extra-
cellular space. A recent study showed that a large portion of
healthy human gut microbiota is exoelectrogenic.'% One of
the most abundant gut microbes, Faecalibacterium prausnitzii,
which comprises of 5% to 20% of the total gut microbiota, is
capable of EET when it produces butyrate from a carbon-based
source.!l 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.'?l Implantable microbial fuel
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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¢).143 Uti-
lizing 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 73 UW ¢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 max-
imum (surface) power density of 1.173 pW cm™ 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™.13%! 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.[***% However, an in vivo validation
needs to be demonstrated. To deliver an MFC through ingest-
ible devices, immobilized microorganisms should be protected
from the various environments during its passage through the
GI 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 microor-
ganisms since most of them are anaerobes.!*!%l

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 trave-
ling through a medium. It has frequencies greater than 20 kHz,
which is the frequency of the upper limit of human hearing.“!®!
Ultrasound propagates through various media and transfers
energy through mechanical vibrations. Acoustic wireless pow-
ering utilizes a mechanical vibration energy harvester to con-
vert ultrasonic energy into electricity.’!

In an ultrasonic power transfer system, the transducer
mechanically vibrates to generate pressure waves; the pres-
sure waves propagate through the human tissue layer, hit the
receiver, and force the receiver to vibrate (Figure 18a).1*1 Ultra-
sound has high directivity: ultrasonic energy tends to be concen-
trated in a single direction.*??l 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 ultra-
sound can be concentrated to a small area of interest.[*?32]
Since ultrasonic imaging is so common, off-the-shelf ultrasonic
sources are easy to access. The most common ultrasound fre-
quencies used in medical diagnostics range from 3 to 10 MHz,
but lower frequency bands are often selected in order to reduce
attenuation.26#2% Inside the body, ultrasonic waves attenuate
less than electromagnetic waves; however, attenuation is still a
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Figure 18. a) Working mechanism of an APT. Ultrasound, which carries acoustic power, are emitted from 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 experi-
ence 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.*?%l 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 electrical energy can drive the electrical load

to perform the desired task. Reproduced with permission.2% Copyright 2014, Elsevier.

significant factor that affects the power transfer efficiency. The
approximate one-way attenuation rate for ultrasound inside
the body is 0.5 dB cm™ MHz}; it indicates that low-frequency
waves penetrate farther than high-frequency waves.*% 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 ultra-
sound reflects off the surfaces of a transmitter and receiver,
can also affect the transfer efficiency of sound waves.*3!l One
way to address this problem is to modify the input ultrasonic
frequency when standing wave formation occurs as demon-
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strated in the broadband piezoelectric ultrasonic energy har-
vester (PUEH).3U In the past, ultrasonic receivers were based
on mechanoelectrical energy converters which were usually too
bulky and large to be implanted. But flexible and thin ultra-
sonic receivers have been developed for biomedical implants,
which use piezoelectric, triboelectric, capacitive, or electrostatic
materials, as discussed in other sections.19*1=36 The trans-
ducer 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 character-
istics, including high power transfer and deep penetration.[*37]
Exposure to ultrasound must be limited since high-intensity
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Table 11. Spatial-peak temporal-average intensity of diagnosis acoustic
transfer for nonfetal Doppler application!*.,

Location/use Intensity [mW cm?]

Peripheral vessel 720
Cardiac system 430
Fetal imaging and other 94
Ophthalmic sites 17

ultrasound can increase body temperature and induce cavita-
tion.®8 The FDA regulations for the acoustic exposure for
imaging can also be used as a guideline for ultrasonic power
transfer.?¥’] 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 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.®% In another study, devices
implanted in pigs were able to be repeatedly recharged via
ultrasound over the course of five weeks.[*

Ultrasound generated from exogenous ultrasound trans-
mitters 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.*?l 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

(@)

Ultrasound
Energy Source

<

RX

given power.2l The power threshold for ultrasound in the
human body is 72 times greater than that for radio waves.[*43]
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.*244 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.[M0#244445] 1
one, ultrasonic power was transferred to the subcutaneous
tissue in swine in order to repeatedly charge a lithium battery
(Figure 19¢).% The authors demonstrated that 1 MHz of exter-
nally 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.[**l For example, the wavelength
of ultrasound at 10 MHz is =150 pum in tissue while the wave-
length 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.*l Thus, sub-millimeter scale implantable devices,
such as neural probes, could potentially be charged using ultra-
sonic power transfer. In one study, an ultrasound backscattering
system was developed for peripheral nerve neural recording in
rats (Figure 19a).2l The device was powered by an external
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Figure 19. Examples of devices that harvest mechanical energy from exogenous ultrasonic energy source. a) Adapted with permission.[*2 Copyright 2016,
Elsevier. b) Adapted with permission.l*l Copyright 2013, Oxford University Press. c) Reproduced with permission.*% Copyright 2016, Elsevier.
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Figure 20. Electromagnetic spectrum.

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 uW of
ultrasonic power with a 7% efficiency, which would be suffi-
cient for high power applications such as neurostimulation.!*]
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.* 48 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 electromag-
netic 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 vis-
ible light, 0.7 to 10 pm is NIR light, and 1 mm to 100 km is RF
radiation.*®" The electromagnetic spectrum in Figure 20 lists
the different frequency ranges for each category. The transmis-
sion mechanism and the interaction between the human body
and electromagnetic radiation vary significantly depending
on the type of electromagnetic radiation. Generally, radiofre-
quency 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.*®] Using RF waves to wirelessly
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power a device was first proposed and tested by Tesla in the
1890s.°" In Tesla’s experimental setup, which is now referred
to as a Tesla coil, a transmitter coil was connected to a capac-
itor—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 any-
more, 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.*?! 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. How-
ever, near-field amplitudes decay in proportion to the inverse
square to cube of the distance (1/* — 1/7%), so near-field com-
ponents 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/r). 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 elec-
tromagnetic waves (Figure 21b).*4 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 applica-
tion is limited to the location near the skin such as subcuta-
neous 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 centim-
eters. If the distance is much greater than one wavelength, the
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Figure 21. 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 1/27is called the reactive near-field region, 1/27 ~ A is the radiative near-field region, 1 ~ 2 A is the
transition region, and over 2 1 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.*>3l The level of attenuation of RF waves varies
slightly depending on tissue types. Adapted with permission.**3l Copyright 2016, Society for reproduction and fertility.
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near-field behavior decays out and the far-field behavior domi-
nates, 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 elec-
tromagnetic 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 tech-
niques but can be larger than near-field devices.*!

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. Penetra-
tion depth, the depth where the field strength reduces to 1/e of
its original value, where e is Euler’s number (=2.71828), is the
most common measurement used to evaluate the field attenu-
ation 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.*% 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.[*’] 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 excep-
tion 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 atten-
uation in tissue is less significant; mid-field WPTs are used to
power the devices located deep inside the body such as in the
brain, heart, or GI tract. Figure 21c shows the penetration depth
of RF waves with different frequencies in various tissues. How-
ever, 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.*® 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.*% The wavelength
at this frequency is 0.25 m. The distance between the emit-
ting 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~ under IEEE guidelines,“l which provides safety
standards for RF exposure.?*®l With frequencies higher than
5 MHz, thermal effects on biological tissue is the biggest safety
concern. The safety standard includes both dose limits and expo-
sure limits. Dose limits set the maximum power density that can
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be absorbed by the tissue; exposure limits set the maximum inci-
dent electromagnetic field strength and power density allowed
by an RF source. In an unrestricted environment, within a fre-
quency range of 100 kHz to 6 GHz, the dose limit for whole-body
exposure is 0.08 W kg™!; for the head and torso, the dose limit is
2 W kg}; and for the limbs and pinnae, the dose limit is 4 W kg™
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 expo-
sure time, but cannot exceed a maximum of 10 mW cm 2123

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 direc-
tion. Directivity depends on the geometry of the transmitter
as well as the frequency of waves being emitted.*® Recent
advances in electromagnetism modeling allow researchers
to predict directivity via in silico models, which facilitates the
development process.[*®1#3] 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.*®" It has been
reported that efficiency can be as high as 70% depending on
wave attenuation in the tissue.64

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 GI tract, skull,
and eye.[100459465466] REF 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.''®%% Still, 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 of 1-10 mm. Attempts are being made to minia-
turize RF transfer devices.[*624¢’] Table 12 summarized the char-
acteristics 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.¥% 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 misalign-
ment significantly reduced power transfer efficiency. In another
study, a small antenna was implanted in a swine to power a
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Table 12. Summary of WPT regimes.

WPT regime  Technology Types of RF Frequency  Transfer dis-  Attenuation in Transfer distance  Directivity“68] Receiver Common target
wave tance in air?) tissue through tissue? location
Inductive coupling Magnetic field Hz-MHz Short Low Short Low Coil Subcutaneous
space
Near-field
Capacitive coupling  Electric field ~ Hz-MHz Short Low Short Low Metal plate Subcutaneous
electrode space
Mid-field Electromagnetic MHz-GHz Mid-long Mid Mid-long Mid Antenna (dipole, Deep implant
radiation monopole, etc.) location (Gl tract,
brain, heart, etc.)
Far-field Electromagnetic  >GHz Long High Short High Antenna (dipole, Eyes

radiation

monopole, etc.)

2 Definition of distance range: short (distance < a wavelength & distance < size of transmitter), Mid (distance < a wavelength & distance < 10 x size of transmitter), and

long (distance > a wavelength).[46°]

brain—machine interface device using radio-frequency identifi-
cation (RFID)-inspired backscattering via near-field inductive
links (Figure 22b).61 A 1 x 1 x 1 mm? 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 uW

of RF to operate the RFID backscattering circuitry.

Using mid-field wireless powering techniques to transfer
energy to deeply implanted electronics has been previously

Near-field WPT
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demonstrated. In one study, a 1.6 GHz radio wave was chosen
to transfer power to various locations in swine and rabbit
models (Figure 22¢).’Y The device was 2 mm in diameter and
3.5 mm in height, which was small enough to fit into a cath-
eter. In the swine study, when the animal was exposed to the
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Mid-field WPT

-
A

Inserted
electrodes

able to receive 2.191 mW of power when implanted in the por-
cine chest and 1.709 mW when implanted inside the porcine

Far-field WPT

e

Suprachoroidal //// Ghoroid
svace /7

Ocular Implant

= RF Signal

TX Horn |Generator’
Antennaj| Power
M Amplifier}

N
Brain
(b
Iocklonor nsering
e mptant col
D!ul—m—'—

Muscle Stimulation Electrodes |

e LA

N 8

Subcutaneous

Figure 22. Examples of electromagnetic energy harvesting devices: WPT. a) Near-field power transfer to brain implants. Adapted with permission.
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Copyright 2015, IEEE. b) Near-field power transfer to the peripheral nerve prosthesis implanted in the subcutaneous region. Adapted with permission.[6¢]
Copyright 2015, IEEE. c) Mid-field power transfer to heart and brain implants to power a pacemaker. Adapted with permission.l!l Copyright 2014, National
Academy of Sciences. d) Mid-field power transfer to Gl tract to power ingestible electronics. Adapted with permission.[***l Copyright 2017, Springer
Nature. e) Far-field power transfer to ocular implants. Reproduced with permission.l'% Copyright 2011, IEEE.

Adv. Funct. Mater. 2021, 31, 2009289

2009289 (35 of 47)

© 2021 Wiley-VCH GmbH

85U80]7 SUOWILLOD BAT8.D 3dfed!|dde ayy Aq pausenob a.e saoile O ‘88N JO Sa|ni 1o} Akeld 18Ul UO 8|1 UO (SUORIPUOD-PUR-SLUIB)ALI0O" A3 1M ALeIq 1 Bul [UO//:SANY) SUORIPUOD Pue SWe | 8U18eS " [20z/TT/7T] uo Ariqiauluo Ajim ‘Aisienun eotbojouyos | BueAueN Aq 682600202 WPe/Z00T OT/I0P/WO A8 | ImAreiq iUl |uo//:ScY Wo14 pepeo|umod ‘v ‘TZ0Z ‘8Z0E9TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Incident light . .
(a) Ph (b) Incident “ght Electron excitation
oPhoton . by photon
; . . . Conduction yp
H 1 (electron-hole
: : } o band Photon generation)  .----- poooe
: 1 1 g E e :
' LI 1 B H '
: ) Rkt : Vel N-type —> ’/ 2 .
8 : alence Depletion zone —» I :
Q. : 1 H band P O S =]
© > 1\ : a P-t _ Electron O |
oD Hole ; ype—» Hole —@--. 1
'8 q‘:g : E',Iectron H $ :
SRR ;o : Back electrode —> -
' 1 ] ' i
' T Electron-hole o
! ' ! recombinaton T SRR
1 1 ! 1 E
R 1 ! 1 g
N-type ! P-type
Semiconductor ; Semiconductor
Depletion zone
(c)
0 Muscle ——480 nm 105 Breast ——480nm LS Lung ——480nm
———560 nm ~——560 nm ~—— 560 nm
< 08 —670nm & 54 ——670nm <& g ——670 nm
£ 08 720m E 0.8 7200m  E 08 ——720nm
=3 =3 =3
. 061 . 061 . 061
5 5 5
£ 04 £ 04 B e
= = =
(=] (=] (=]
5 0.2 5 0.2 5 0.2
0.0 ; . ; . 0.0 . - . , 0.0 - . . .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Thickness (mm)

Thickness (mm)

Thickness (mm)

Figure 23. The working principle of optical transfer. a) The energy band diagram of p—n junction. b) The typical structure of photovoltaic cell. c) Attenu-
ation of the visible and NIR light in different tissues. Reproduced with permission.[*”) Copyright 2016, Springer Nature.

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).*
Using a 6.8 mm X 6.8 mm antenna which emitted a 1.2 GHz
radio wave, the device was able to transfer 375, 123, and
173 uW of power to the esophagus, stomach, and colon, respec-
tively, which is sufficient to operate low-power ingestible elec-
tronics while keeping radiation exposure levels below safety
thresholds.

Even though wireless powering can operate over long dis-
tances in the air, electromagnetic waves are significantly attenu-
ated in living tissue. A 10 GHz RF wave transmitted through
2 mm of tissue will attenuate by about 20 dB, even without con-
sidering additional loss caused by misalignment or antenna effi-
ciency.*] 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 22e).0% To fit
into the anterior chamber of the eye, a discrete device was con-
structed in which all of the components were connected on a
string. The total size of the device was 8 X 4 x 2 mm?. A 3 GHz
radio wave was chosen to transfer the power and 1V was gen-
erated 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 (IOP) sensor.
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4.2.2. Optical Transfer

Converting light to electrical energy occurs via the photo-
voltaic 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.*’l 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 elec-
tron will move to the n-type region due to the potential dif-
ference 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 gen-
erated by a photovoltaic cell. The bandgap energy of a semi-
conductor 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.#>#3] 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.[¥+46] In the interest of widescale power generation, tre-
mendous resources have been devoted in the last few decades
to develop photovoltaic materials that generate energy from
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Figure 24. Examples of electromagnetic energy harvesting devices for optical transfer. a) Silicon-based PV cells implanted in subretinal region which
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a wide spectrum of sunlight.*””] Furthermore, recent develop-
ments in flexible photovoltaic materials have enabled the pow-
ering of wearable/epidermal electronics where there is readily
available access to direct sunlight.[*’8l

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 chal-
lenges (Figure 23c). The penetration depth of visible light is
generally less than 2 mm.*°] 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 wave-
lengths close to 800 nm, the penetration depth in muscle is
around 3.5 mm.¥?#80 The near-infrared light in the second
window is believed to have a penetration depth of 1 to 2
cm.®U 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 Commis-
sion on Non-Ionizing Radiation Protection (ICNIRP) provides
guidelines on the maximum recommended exposure of vis-
ible/near-infrared light on the eyes and skin.*¥? For a normal
continuous light source, the exposure limit for skin is 200—
1600 mW cm~%; the retinal thermal exposure limit is 2800 mW
cm™? in flux and 710 m] cm™2 in dose.®3l 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.[#4-476484485]
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Alternatively, 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 PV cells to directly harvest emitted
thermal radiation (2.2 uW cm™?) from the surface of the
human body; these cells could potentially be developed to
power deeper implants or ingestible systems.[*8¢] However,
these approaches are still in their infancy, and require more
experimentations in material choice and upconversion strate-
gies 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.[*] Biomedical elec-
tronics implanted at shallow depths can harvest energy either
from natural sunlight or an artificial light source. Subdermal
implants have shown promise but energy harvesting capabili-
ties are significantly determined by the depth of the implant
and the wavelength being harvested.¥6#891 For example, in
one study, a flexible GaInP/GaAs solar cell array was subcutane-
ously implanted at the depth of 600 um in mice (Figure 24b).18%]
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 uAh 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 con-
ducted to determine the conversion efficiency of silicon and
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GaAs photovoltaic cells implanted in the subcutaneous tissue of
mice.[”®l Using an NIR source with a frequency of 850 nm and
an intensity of 134 uW 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 invis-
ible to any remaining photoreceptors.’>! 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.¥##5492493] However, even NIR light
cannot reach tissue located deeper than 2 c¢m, such as the GI
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 pow-
ering methods are reviewed, limitations and challenges are
discussed, and the potential trajectories of different powering
technologies are given. Several common challenges of pow-
ering 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 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 prom-
ising 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 har-
vesters, 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. Develop-
ment of technologies that store, harvest and transfer energy
to power these implantable and ingestible, biomedical elec-
tronics will enable such devices to be more efficient, more
powerful, and to perform a range of diagnostic and thera-
peutic treatments that are difficult to perform from outside
the body.
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