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Abstract

Living subjects (i.e., humans and animals) have abundant sources of en-
ergy in chemical, thermal, and mechanical forms. The use of these ener-
gies presents a viable way to overcome the battery capacity limitation that
constrains the long-term operation of wearable/implantable devices. The
intersection of novel materials and fabrication techniques offers boundless
possibilities for the benefit of human health and well-being via various types
of energy harvesters. This review summarizes the existing approaches that
have been demonstrated to harvest energy from the bodies of living subjects
for self-powered electronics. We present material choices, device layouts,
and operation principles of these energy harvesters with a focus on in vivo
applications. We discuss a broad range of energy harvesters placed in or on
various body parts of human and animal models. We conclude with an out-
look of future research in which the integration of various energy harvesters
with advanced electronics can provide a new platform for the development
of novel technologies for disease diagnostics, treatment, and prevention.
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1. INTRODUCTION

Recent advances in wearable/implantable devices have attracted significant attention from both
academia and industry due to their notable applications in health monitoring, disease prevention,
diagnostics, and treatment (1-3). Most of these systems, however, still use batteries as power
supplies; batteries’ limited capacity and large size constrain their lifetime and overall dimensions,
respectively (4, 5). Using higher-capacity batteries is not ideal, because battery capacity is usually
linearly dependent on battery volume. Promising alternative solutions have been developed in
which energy from the ambient environment can be extracted by use of energy harvesters to
generate power. Energy harvesters can provide complementary power to prolong the battery
lifetime of wearable/implantable devices, or can even function as the sole power supply.

Although there are various applicable energy sources for harvesters, including sunlight, IR light
from the environment, and radio-frequency power sources through inductive coupling (6), the
body of a living subject is a particularly favorable energy source, given the vast number and wide
variety of available energies (7, 8). For instance, theoretical calculations have demonstrated that
body heat, breathing, and arm movements can generate 2.8-4.8 W, 0.83 W, and 60 W, respectively
(8). Although these power sources could offer a compelling way to accommodate the operation
of a cardiac pacemaker (50 pW for 7 years), a hearing aid (1 mW for 5 days), and a smartphone
(1 W for 5 h) (9), practical demonstrations are needed to show the feasibility of powering such
electronics.

Given the various approaches to harvesting energies from living subjects (6, 10), this review
specifically addresses those based on biofuel cells (BFCs) (7, 11), thermoelectricity (12, 13), tribo-
electricity (14), and piezoelectricity (15-18) (Figure 1). This article begins with an overview of
the material considerations for each of these approaches, followed by an outline of their respec-
tive operation principles. We then discuss typical energy harvester configurations based on these
mechanisms in order to provide a comprehensive picture of recent progress. Finally, we conclude
by briefly discussing future directions and opportunities in the energy harvesting field.
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Figure 1

An overview of potential sources for energy harvesting from the bodies of living subjects.

2. MATERIAL CHOICES TO CREATE ENERGY HARVESTERS
2.1. Fuels and Enzymes for Biofuel Cells

Glucose is one of the primary sources of energy in the bodies of living subjects, and a BFC is ideal
for extracting this type of fuel to generate electricity (19-22), as discussed in Section 3.1. Sweat
lactate represents another type of fuel; it is generated outside the human body during perspiration,
eliminating the need to implant a BFC within the body (23). Although glucose and sweat lactate
function as fuels, enzymes serve as the catalyst for oxidation and reduction reactions. For a glucose
BFC (GBFC), the most common enzymes are glucose oxidase (GOx) for the oxidization of glucose
at the anode (Figure 24) and laccase for dioxygen reduction at the cathode (24). Several studies
have demonstrated the feasibility of using GOx for in vivo BFCs (25, 26), but safety concerns
limit the use of this enzyme. These concerns arise from the generation of hydrogen peroxide by
GOx that could affect the stability of anodic and cathodic enzymes, deteriorating the system’s
performance, and long-term use in the body could be harmful (27).

An alternative enzyme is NAD"-GDH (nicotinamide adenine dinucleotide, oxidized form-
dependent glucose dehydrogenase). Use of this enzyme, however, requires the presence of NAD*
coenzyme in the solution (28). Therefore, the fabrication of a robust, implantable BFC by GDH
requires a selective membrane and is complicated to perform, as the BFC has to be in partial
contact with body fluid (29, 30). An enzyme that can be used with GBFCs that does not suffer from
these problems is PQQ-GDH (pyrroloquinoline quinone—dependent glucose dehydrogenase) (7,
31-33), which allows direct transfer of electrons to the electrode for efficient operation (34).

For sweat lactase—based fuel cells, the lactate oxidase (LOx) enzyme mediated by TTF - TCNQ
(tetrathiafulvalene 7,7,8,8-tetracyanoquinodimethane) is of interest because it provides the nec-
essary power density to operate wearable electronics, unlike other enzymes (e.g., lactate dehydro-
genase enzyme and LOx) (23).

Another key design parameter of a BFC is the enzyme-electrode interface, which is constructed
such that the electron transfer between the enzyme and electrodes is stable and efficient (35). In
their natural form, enzymes move freely within biological cells. The operation of a BFC, however,
requires the enzymes to be localized in a particular region, which can be done either physically
(e.g., via gel entrapment or adsorption) or chemically (e.g., via covalent immobilization) (34, 36).
The selection of electrode material is also crucial for the design of BFCs. For instance, carbon
nanotubes (CNT's) are a type of electrode that has attracted a great deal of attention due to their
electroactive surface (37-41). Figure 25 shows a scanning electron microscopy (SEM) image of
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common CNT's that serve as the conductive support for enzyme-modified electrodes. The large
surface area of CNT's enables high-density immobilization of enzymes, providing high current
density to the system (41). The CNTs’ electrodes also enable direct electron transfer due to their
ability to access the enzymes’ embedded active site. Therefore, CNTs, either randomly deposited
or vertically aligned, are an excellent candidate material for a BFC electrode.

Glucose

Gluconic acid
CGIucose
Gluconic acid

. C Glucose
PQQ &\,\} Gluconic acid
PQQ-GDH

Electrode

s -secti i Temperature distribution High

Thermoelectric
material

AT

2 Glass fabric

\

PVDF

'Q 0 000 0Q 00

Bi,Se; nanoplate

88 Dagdeviren o Li « Wang



Annu. Rev. Biomed. Eng. 2017.19:85-108. Downloaded from www.annualreviews.org
Access provided by Massachusetts I nstitute of Technology (MIT) on 07/15/17. For personal use only.

2.2. Thermoelectric Materials

Body heat is a natural source of energy (8) that can be harnessed via the thermoelectric effect.
Extracted heat from the human body is enough to power implanted stimulators and sensors,
such as deep-brain stimulators, artificial cochleas, and wireless health monitors (6, 42). Promis-
ing candidates for flexible thermoelectric generators (TEGs) for use in self-powered wearable
electronics range from bulk crystallines, such as bismuth telluride (Bi;Te;) (42—45), bismuth
selenide (Bi,Ses) (46), tin selenide (SnSe) (47), tin telluride (PbTe) (48, 49), and silicon germa-
nium (SiGe) (50), to thermoelectric polymers and composites. Additionally, many studies have
demonstrated that conducting polymers, such as polyaniline (51, 52), polypyrrole (53, 54), and
poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate (55, 56), are suitable for the fabrication
of organic material-based TEGs (57, 58). Indeed, different ways to fabricate TEGs have been
studied extensively (50, 59, 60). One approach uses nonplanar stepper lithography to form a large
depth of focus and high—aspect ratio structures that are crucial to achieve high-performance en-
ergy harvesters (50). An alternative approach is to employ screen-printing techniques to form thin
(~500-pm), flexible, inorganic thermoelectric films (59), which are laid on top of a glass fabric—
based textile (Figure 2¢,d). In composite form, the integration of polyvinylidene fluoride (PVDF)
with copper-doped Bi, Se; nanoplates (Figure 2e) provides flexibility as well as a high-temperature
power factor and thermoelectric figure of merit, which are important for high energy-conversion
efficiency (60).

2.3. Triboelectric Materials

Body movement is a primary source of mechanical energy (61). One way to harness this energy
involves triboelectric materials. These materials utilize the triboelectrification effect, whereby
a specific material becomes electrically charged following contact with a different material (14).
This phenomenon exists in almost all materials, both natural and synthetic, ranging from metals to
polymers. Figure 3 summarizes a wide array of material choices for triboelectric nanogenerators
(TENGsS), showing their tendency to gain or lose electrons, depending on their polarity (14).
Ideally, one should use two materials that are located far apart from one another in the triboelectric
series in order to attain a high rate of charge transfer.

To enhance the contact area and triboelectrification, it is essential to physically modify the
surface morphologies into various patterns, such as lines, cubes, wires, pyramids, squares, and
porous micro/nanopatterns (Figure 3) (14, 62-70). Although these patterns can increase the
friction force, they may also affect the TENG’s conversion efficiency. The design of such surface
morphologies, therefore, should be balanced with optimum conversion efficiency in order to
achieve an effective system. Another way to improve surface electrification as well as the materials’

Figure 2

Materials for biofuel cells and thermoelectric (TE) energy harvesters. (#) Glucose oxidation through different enzymes associated with
carbon nanotubes (CNT's) as the conductive support: glucose oxidase (GOx), nicotinamide adenine dinucleotide, oxidized form—
dependent glucose dehydrogenase (NADT-GDH), and pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH)
operating electron transfer to CNT's (22). (b) A scanning electron microscope (SEM) image of CN'Ts used as conductive support for
enzyme-modified electrodes (22). (¢) The fabrication process of a flexible TE generator module made of Bi; Te3 and Sb, T3 thick films
on glass fabric (59). (d) (Left) SEM images of Bi Te3 and SbyTe3 thick films. (Right) Simulation of the temperature distribution across
the TE film without and with the glass fabric (59). (¢) (From left to right) A schematic crystal structure of copper-intercalated Bi,Ses,
SEM images of Bi; Se3 nanoplates, Bi, Se3 nanoplate/polyvinylidene fluoride (PVDF)-based n-type flexible TE films, and the PVDF
barrier between two Bi,Se; nanoplates (60).
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Materials for triboelectric energy harvesters. The triboelectric series for various common materials shows their tendency to easily lose
electrons (positive) and gain electrons (negative) (14). These materials include metals, stable polymers, and organic and biodegradable

polymers (62-70).

permittivity, which enables electrostatic induction (14), is to embed nanoparticles in a polymer

matrix to form a composite contact material.

2.4. Piezoelectric Materials

Piezoelectric materials can also be used to harness mechanical energy from living subjects via

mechanical-to-electrical transduction mechanisms. Inorganic piezoelectric materials, such as lead
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zirconate titanate (PZT) and zinc oxide (ZnO), lack central symmetry in their crystal structure,
causing a reconfiguration of dipole-inducing ions that enables energy conversion for power gen-
eration under external strain (71, 72). Organic piezoelectric materials, such as PVDF and PVDEF-
TrFE [poly(vinylidenefluoride-co-trifluoroethylene)] (73), are preferable because they have an in-
herently flexible nature that enables conformal integration to the curvilinear surfaces of the body.
Figure 44 shows an example of an organic piezoelectric material, PVDF (74, 75), demonstrating
its ability to conform to the aorta of a pig.

In terms of piezoelectric coefficients, inorganic materials perform better than organic mater-
ials. Because bulk inorganic materials are brittle and rigid, and thus not amenable for use on the
soft surfaces of the body, several groups have fabricated them into thin films, membranes/ribbons,
or nanowires (NWs) (76-78) to form more-flexible systems. These materials can also be formed
into a hemisphere structure embedded in a polymer matrix, which offers not only flexibility but
also stretchability that broadens the range of its applications (79). Thus, deformation of such
structures permits the system to be stretched by up to 40% of strain, without any mechanical
fractures (79). SEM images, bending experiments, and simulations (Figure 4b,c) show that
PZT nanofibers and thin films (15, 80, 81), as well as barium titanate (BaTiO;) thin films
(Figure 4d) (82), are more flexible than their bulk counterparts. In addition to those struc-
tures, ZnO NWs (83-85), (1—x)Pb(Mg1,3Nb,/3)O;_,PbTiO; (PMN-PT) thin films (86), and
Ba(Zr),Tip5)O3_.(Bag;Ca3)TiO; (BZT-BCT) NW/polydimethylsiloxane (PDMS) nanocom-
posites (87) have been used to create flexible systems that facilitate intimate integration with
various body parts. Several groups have demonstrated the capability of these systems to harness
mechanical movements of limbs and natural vibrations or motions of internal organs and vessels

(15-18, 74,79, 86, 88-91).

3. OPERATION PRINCIPLES OF VARIOUS ENERGY HARVESTERS
3.1. Biofuel Cells

In general, power generation through BFCs is similar to that through commercial fuel cells, such
that both involve reduction—oxidation reactions. For example, a GBFC, as described in Section 2.1,
employs glucose oxidation at the anode and oxygen reduction at the cathode to generate electrical
power (92-94). The cell consists of two electrodes (anode and cathode) that are separated into two
different compartments and connected in the circuit through an external variable load resistance
(Figure 54). The electrochemical reactions of a GBFC can be described as follows (93):

anode: CsH ;O + 20H™ — CsH;O7 + H,O + 2¢7,
cathode: %Oz +H,O0+2e — 20H7,
overall: C4H,Og + %Oz — CgHp2 07,
AG°® =0.251 x 10° J/mol,

U=130V,

where AG is the standard free energy and U° is the theoretical cell voltage. The system perfor-
mance of a GBFC can be further evaluated in terms of the recorded current and voltage output
values during device operation.
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Figure 4

Examples of organic and inorganic piezoelectric materials. (#) (From left to right) A cross-sectional scanning electron microscope (SEM)
image of a piezoelectric generator (PG), a schematic illustration of a PG, the charge distributions in the device during expansion and
retraction states, and the generated electric potential under different blood pressure values (74, 75). (b) (From left to right) A schematic
view of a lead zirconate titanate (PZT) nanofiber generator, a SEM image of a PZT nanofiber, and a cross-sectional SEM image of the
PZT nanofibers in a polydimethylsiloxane (PDMS) matrix (80). (c) (From left to right) A cross-sectional view of the poled PZT
nanofibers in the generator and a schematic view of the power output mechanism of the PZT nanofibers (80). (d) (From left to right) A
SEM image of BaTiO3 nanoparticles (NPs), schematics of the cross-sectional structure of a nanocomposite generator (NCG), and the
calculated piezopotential distributions in the NCG (82). Abbreviation: PVDF, polyvinylidene fluoride.

3.2. Thermoelectric Generators

A TEG harvests body heat through direct contact with the human body and operates according to
the Seebeck effect: Voltage is generated when there is a temperature gradient between the hot and
cold junctions (see Section 2.2) (9). The essential mechanism of a TEG, which employs fabric and
thermocouples, was described in a recent study (95). In this type of system, the output voltage is
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Operation principles of various types of energy harvesters. (#) Illustrations of biofuel cell operations on (fef?)
a snail (7) and (right) a rat (94). (b) (Left) A circuit model and (r4ght) an illustration of a thermoelectric
generator (TEG) for extracting body heat to generate electricity (95). (c,d) An illustration of the working
mechanism of a triboelectric nanogenerator in (¢) contact separation mode for open circuit condition (96)
and (d) full cycle sliding operation mode (97). (e,f) Schematic diagrams of the working mechanism of a
piezoelectric (e) nanowire (99) and (f) membranes/ribbons (101). Abbreviations: CB, conduction band; e,
electron; Ey, Fermi energy; G, the grounded end of a nanowire; PMMA, poly(methylmethacrylate); PTFE,
polytetrafluoroethylene; T, the other end of the nanowire to be pushed by a conductive atomic force
microscope tip; VB, valence band; ®sg, barrier height.
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defined as V' = na AT rgg, where 7 is the number of thermocouples, « is the Seebeck coefficient
of the thermoelectric material, and ATrgg is the temperature difference between the hot and
cold junctions (95). This equation clearly shows that the performance of a TEG relies on the
temperature gradient between the two junctions. Figure 2d depicts a representative simulation
of the temperature gradient in a TEG system. For the body heat system, the hot junction is usually
the human body (~36°C), and the cold junction is the ambient temperature, ranging from —10°C
to 40°C.

Figure 5b presents a schematic illustration of the thermal circuit of a TEG on the human
body. The temperature difference detected by the TEG is not the difference between the human
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body and the ambient air. Instead, this system senses the temperature of the device surface, which
is exposed to the ambient temperature, and the temperature of the skin. The difference between
these surfaces is
Rrrc
A TTEG = - AT y
Rair + RTEG + Rbody

where the resistance (R) of the TEG is defined as (Figure 55) (9)

RTE . Rfabric

Rreg = .
RTE + Rfabric

Because the resistivity of ambient air and the human body is generally higher than that of a
TEG, ATrg becomes lower than the measured temperature difference between the air and the
human body (AT'). Here, the output voltage is directly proportional to AT g, and thus AT has
a significant effect on device performance. Therefore, the performance of such devices could be
improved through better design, such as increasing the number of thermocouples (95).

3.3. Triboelectric Generators

TENGs are made of two materials that have opposite tribopolarity (see Section 2.3). The system
operates by employing the coupling effects between triboelectrification and electrostatic induction,
which arise from either contact separation (Figure 5¢) or relative sliding (Figure 5d) between
two triboelectric materials (14, 96). The power generation comes from the triboelectric effect that
induces electrostatic charges on the surface of the triboelectric materials and results in electron
flow between the electrodes (97).

For example, in a TENG based on contact separation (96), the two triboelectric layers are
polyimide (PI) and poly(methylmethacrylate) (PMMA). In the initial state, the system has no
electric potential difference (EPD), because there is no generated or induced charge (Figure 5c¢,i).
The introduction of external force to the system causes the triboelectriclayers to come into contact,
and charge transfer occurs as a result of triboelectrification (Figure 5¢,ii ). This transfer can be
easily understood via a triboelectric series (Figure 3). In this example, the PI gains electrons from
PMMA, which yields a net negative charge on the PI surface and a net positive charge on the
PMMA surface. When the force is released, the PI film returns to its initial position due to its
elasticity, leading to a layer separation and an EPD between the two electrodes (Figure 5c,iit).
In this state, with the assumption that the electric potential of the bottom electrode (Ugg) is zero,
the electric potential of the top electrode (Urg) can be defined as U g = —od’/¢,, where o, d’,
and &, are the triboelectric charge density, the vacuum permittivity, and the interlayer distance,
respectively. The open circuit voltage (V,) of the system reaches its maximum when the PI film
completely reverts to its initial position (Figure 5c,iv—v). The application of another direct force
to the system, however, causes the EPD to drop because the layers are close to one another.
Figure 5c,vi shows that the V. falls to zero when the surface layers are in contact. This cycle
continues as the triboelectric materials alternate between the contact and separation conditions
due to the mechanical movements on the system.

A TENG system may also be based on in-plane sliding. This mode utilizes the sliding friction
between the two materials to facilitate triboelectrification (96). Figure 5d depicts the working
mechanism of this mode. In this example (98), polyamide 6,6 (nylon) and polytetrafluoroethylene
(PTFE) films were chosen because they are located far from each other in the triboelectric series
(Figure 3). Initially, the triboelectric plates are aligned and in full contact (Figure 5d,7). At the
interface, the triboelectrification yields a net positive charge and a net negative charge on the
surfaces of nylon and PTFE, respectively, due to the large difference in their ability to attract
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electrons. The lateral sliding of these two plates over each other causes a periodic change in
the contact area. When the contact area decreases as the plates slide outward, the interfacial
charges are separated (Figure 5d,i7). As a result, an EPD is created between the electrodes. To
compensate for the tribocharge-induced potential, a current flows from the top electrode to the
bottom electrode. The current continues to flow with the ongoing sliding process until the top plate
is fully out of contact from the bottom plate and the tribocharged surfaces are completely separated
(Figure 5d,iii). In this case, the current relies on the sliding velocity. When the plates slide in
reverse toward their initial positions, the separated charges come into contact again. However,
there is still no annihilation due to the insulator nature of polymers (Figure 5d,iv). The redundant
charges on the electrodes flow back through the external load with the increase in contact area
to maintain electrostatic equilibrium. In this setting, the current flows from the bottom electrode
to the top electrode. Because the plates are aligned and their surfaces are completely in contact
again, there is no charge transfer between the electrodes, and the device returns to its initial state
(Figure 5d,i). The voltage generated by a TENG in in-plane sliding mode, therefore, depends
on sliding displacement. With the assumption of uniform tribocharge distribution, the charge
density (i.e., the total amount of transferred charge) is linearly proportional to the displacement
and can be defined as Ao o, = AL/L,, where Ao is the transferred charge density, o, is the
tribocharge on the surface of the substrate, AL is the sliding displacement, and L, is the length
of the plate. One can further evaluate the system’s performance through the quantification of the
current density (/ = dAo/dt, where 7 is time).

3.4. Piezoelectric Generators

The working mechanisms of piezoelectric energy harvesters are numerous and depend on the
system’s geometry and the type of active layer. For instance, the general working mechanism of
ZnO NW energy harvesters involves the coupling between the piezoelectric and semiconducting
properties of ZnO (99). Evaluation of the lateral deflection of a ZnO N'W by a conductive atomic
force microscope (AFM) tip provides an overview of charge and output generation in the system.
In this example, a strain field arises as the ZnO NW is deflected by the AFM tip. In this state,
the outer surface of the NW experiences tensile stress (positive strain), while the inner surface
experiences compressive stress (negative strain). As a result, the tensile side has positive potential
and the compressed side has negative potential (Figure 5e). The piezoelectric potential (V1)
depends on the degree of bending of the NW and can be defined as

Vi~ £27(/L) ym,

where # is the radius of the NW, L is the length of the NW, and y,, (in nanometers) is the
lateral displacement at the tip of the NW (100). Here, the Schottky barrier at the electrode-NW
interface plays an important role in power generation. Evaluation of the lateral bending induced
by a conductive AFM tip illustrates the charge-releasing process of the energy harvester. In this
model, the NW array has a clamp-free configuration. As the AFM tip pushes the NW laterally,
the NW is mechanically deflected, generating piezoelectric potential (99). The band diagram
profiles of the piezoelectric NW (Figure 5e) illustrate the charge output and flow process in the
system. Because the NW and AFM tip have different working functions and electron affinities,
there is a built-up Schottky barrier in the band diagram. In the initial state, the NW system
does not have an output voltage, because it is in an equilibrium state. However, an asymmetric
piezoelectric potential is generated soon after the NW is bent by the AFM tip and yields a change
in the conduction band profile. This state occurs because the NW is simultaneously stretched and
compressed on its lower and upper sides, respectively (Figure 5e). Moreover, the local positive
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piezoelectric potential is created at the tensile surface and causes an accumulation of charges in
the tip because of the deceleration of electron flow from ground to tip via external load. When
the AFM tip moves to the middle of the NW, the flow of accumulated electrons goes back to the
ground as the local potential falls to zero. In another case, when the tip is moved to the area where
the NW experiences compression, an electron flows from the #-type ZnO to the tip because the
local negative potential elevates the conduction band profile. The overall movement of the AFM
tip with respect to the NW explains the circular flow of electrons that is observed during the
measurement of output current.

By contrast, the electromechanical behavior of piezoelectric thin-film membranes/ribbons can
be explained through a buckling-shape model (101, 102). Here, the mechanical deformation,
characterized by compression of the system at its ends, yields an out-of-plane buckling shape
(Figure 5f). The generated output voltage in this system is related to the strain associated with
buckling. In this model, the piezoelectric material and substrate are thin-film PZT and PI, re-
spectively. If the supporting substrate is longer than the piezoelectric membranes/ribbons, the
membrane strain can be calculated as

4r Elp b [AL

Em = = T\ 7

EICO[“P L L

where Elp; and ﬁcomp are the plane-strain bending stiffness of the substrate (PI) without and
with the piezoelectric component (PZT) and electrodes, respectively; and 4 is the distance from

the midpoint through the thickness of the PZT to the neutral mechanical plane. The voltage
output that results from buckling can be further evaluated by studying the relations among stress,

strain, electrical field, and electrical displacement. In this case, the output voltage of the system is
defined as
dr n Ntpzr a _2\/'6_1‘921“(1‘67m

? APZTRE B k de’
where Vis the measured voltage, R is resistance of the voltmeter, N is the number of the ribbon

groups electrically connected in series, Apy1 is the area of the PZT, tp,r is the thickness of the
PZT, ¢ is the effective piezoelectric constant, and de,, /dz is the strain rate. This analytical equation
suggests that the output voltage of the system is strongly dependent on the membrane strain (101).

4. IN VIVO EXAMPLES OF ENERGY HARVESTING FROM ANIMALS

The feasibility of generating power via energy harvesters from the human body was first inves-
tigated in animals. Figure 6 shows representative examples of various in vivo energy harvesters
(discussed above) on animal models. One type of energy harvesters that has been studied for a
long time is a BFC based on the oxidation of glucose, which is present in the bloodstream (94).
The feasibility of a GBFC to power implantable medical devices has been demonstrated in the
abdominal cavity of a rat (Figure 6a) (94). This system consists of bioelectrodes made of CNT's
(see Section 2.1), modified with the GOx and laccase enzymes, which are placed in a custom-made
silicon tube, wrapped in a dialysis bag, and sealed in a biocompatible Dacron® case. The total
volume of this system is ~2.4 mL, and it is capable of achieving an average output voltage of 0.57 V
(Figure 6b) and a power density of 193.5 pW/cm?. Thus, the output power generated by this
BFC can operate a light-emitting diode (LED) or a digital thermometer (94).

In an example of mechanical energy harvesting from the motion of animal organs, Zheng et al.
(103) demonstrated an implantable TENG (iTENG) based on gold, PI, PDMS, and aluminum
layers with a polyethylene terephthalate spacer (103) that employs the contact separation mode
described in Section 3.3. In an investigation of the potential of power generation from breathing,
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an iTENG was implanted under the chest skin of a rat. The expansion and contraction of the
thorax resulting from breathing yielded an average output voltage of 3.73 V. The implantation of
a larger area of the iTENG onto the diaphragm of the same rat (Figure 6¢) demonstrated that
the device can operate within the body, generating an output current of ~0.6 pA (Figure 6d).
These results validate the device’s feasibility for use both outside and inside a rat’s body.

An alternative mechanical energy harvester (MEH) that has been extensively studied is based
on piezoelectric materials (Figure 6e—z). One example of a piezoelectric MEH uses a PVDF film
sandwiched between aluminum layers (Figure 44) to generate power from the ascending aorta of
a pig (Figure 6e) (74). Because PVDF is naturally flexible (see Section 2.4), it can wrap around the
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aorta and capture 10% of the variations in the diameter of the carotid artery between the systolic
and diastolic states due to the pulsatile energy of the aorta (88, 89). The peak output voltage
generated from this implanted system (which has dimensions of 2.5 cm x 5.6 cm x 200 pum) was
1.5 V when the heart rate and blood pressure were 120 bpm and 160/105 mm Hg, respectively
(Figure 6f).

A different type of piezoelectric MEH used a single-wire generator (SWG) that consists of an
inorganic (e.g., ZnO) NW with its ends affixed onto a flexible substrate. The four SWGs electrically
connected in series generated an output voltage in the range of ~0.1-0.15 V. Such a system located
on the back of a running hamster can generate voltages of up to 100 mV (Figure 6g,b). According
to Section 3.4, these demonstrations show that the piezoelectric SWG is sensitive enough to
harvest regular and irregular biomotions (90). A further investigation of an SWG under a periodic
deformation associated with the contraction and relaxation of diaphragm and heart demonstrated
the possibility of using energy from internal organ movements to drive implantable devices. In
this study (91), the SWG generated output voltages of ~1 mV and 3 V, respectively, from the
diaphragm (Figure 64,7) and heart (Figure 6k,/) of a rat.

Another type of piezoelectric MEH utilizes PZT with a capacitor structure in a thin-film
format to harvest energy from the heart, lung, and diaphragm of cow and sheep models (15).
This device allows the PZT MEH to integrate with soft tissues/organs in order to capture the
associated mechanical movements without placing an excessive load on them. A close examination
of the implanted device positioned on a heart suggests that placement on the right ventricle (RV)
and a 45° orientation of the PZT ribbons with respect to the apex of the heart are the optimal
configuration to harness maximum power. By use of the concept discussed in Section 3.4, output
voltages of ~4 V, ~4 V, and ~2 V, respectively, were generated from contraction and relaxation
of the RV (Figure 6m,n), lung (Figure 60,p), and diaphragm (Figure 64,7). Additionally, a stack
of five PZT MEHs can generate a power density of 1.2 uW/cm?. These results show that the
device is able to power implantable devices, particularly a cardiac pacemaker (15).

Because the motions of the heart present a great opportunity for energy harvesting, many
researchers have focused on improving device performance by utilizing various piezoelectric ma-
terials. One of these is PMN-PT due to its high piezoelectric constant. Hwang et al. (86) fabricated
a flexible thin-film PMN-PT energy harvester (with dimensions of 1.7 cm x 1.7 cm) that not only
can acquire energy from the heart but also can serve as an artificial heart stimulator. Figure 6s
shows this device being implanted into the heart of a rat in order to examine its feasibility. This

Figure 6

In vivo demonstrations of energy harvesters on various animal models. (#) A glucose biofuel cell implanted in an abdominal cavity of a
Wistar rat. (Inset) The biofuel cell after 17 days (94). (b)) The open-circuit voltage (OCV) outputs of the biofuel cells implanted into four
rats over 9 days (94). (c) A photograph of an implantable triboelectric nanogenerator (TENG) on the diaphragm of a rat (103). (¢) The
output current generated from the diaphragm of a rat (103). (¢) A photograph of an implanted piezoelectric generator (PG) made of
polyvinylidene fluoride (PVDF) placed on the ascending aorta of a pig. The PG is sealed with polyimide (PI) tape (74). (f) The
corresponding output voltage generated from the ascending aorta of a pig (74). (g) A photograph of a running hamster with an
implanted single-wire generator (SWG) (90). (b) The corresponding output voltage when the hamster was running and scratching (90).
() A photograph of an SWG implanted on the diaphragm of a rat (91). (j) The generated output voltage from the diaphragm motion
(91). (k) A photograph of an SWG implanted onto the heart of a rat (91). (/) The output voltage generated from the heartbeats (91).
(m) A photograph of a flexible lead zirconate titanate mechanical energy harvester (PZT MEH). (Inset) The MEH affixed onto a cow
heart (15). (z) The output voltage generated from the MEH affixed onto the right ventricle of a cow heart (15). (o) A photograph of the
PZT MEH on a cow lung (15). (p) The associated output voltage generated from the lung motions (15). (7) A photograph of the PZT
MEH implanted onto a cow diaphragm (15). () The associated output voltage generated from the diaphragm motions (15). (s) A
photograph of a flexible (I — x)Pb(Mg1/3Nby/3)O3 _ PbTiO3 (PMN-PT) energy harvester used to stimulate the heart of a rat. (Insez)
The PMN-PT stimulator (86). (#) The electrocardiogram (ECG) voltage resulting from the artificial stimulations (86).
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PMN-PT nanogenerator can generate an output voltage of 8.2 V from a strain of 0.36% at a strain
rate of 2.3%/s and can stimulate the heart with the electrical power generated from the motions
of the heart (Figure 6¢).

5. IN VIVO EXAMPLES OF ENERGY HARVESTING FROM HUMANS

The advances in energy harvesters on animal models described in the previous section provide a
foundation for these devices’ projected use on or in the human body. Recent studies reveal a wide
range of energy harvesters capable of generating power, particularly in wearable configurations
such as wristbands, bracelets, and clothing.

As noted in Section 2.1, sweat lactate and its associated enzyme represent a way to generate
electricity via a BFC. The integration of a BFC and a printed circuit board with a fabric textile
substrate imparts flexibility to the system (23). These textile-based BFCs are fabricated via screen-
printing techniques on a detachable care label through use of thick-film printing technology, which
has the advantage of high-scale, low-cost production (104, 105). BECs made with this technique
(Figure 7a) can be readily incorporated into various garments, such as headbands and wristbands.
Figure 7b shows the output profiles of a BFC at various lactate fuel concentrations, ranging
from 3 to 21 mM in 0.1 M phosphate buffer. These results reveal the capability of this BFC to
generate power with linear proportionality to the fuel concentration. Specifically, the BFC can
generate an open circuit potential of 0.67 V and a power density of 100 uW/cm? (electrode area
of 3 x 1.5 mm?) when it is exposed to 15 mM lactate. Thus, this BFC can light up a blue LED
and power a watch, demonstrating its promising applications in customized wearable electronics.

TEGs are also of interest because they take advantage of the heat that is continuously generated
from the human body (described in detail in Sections 2.2 and 3.2). Figure 7¢ shows an example of a
functional thermoelectric energy harvester based on SiGe that is fabricated via stepper lithography
(described in Section 2.2) (50). Figure 7d depicts the ability of such a system to harvest energy
from various temperature differences. An output voltage ranging from 0.15 V to 0.70 V can be
expressed as a function of the difference between the high-temperature area and the ambient

Figure 7

In vivo demonstrations of energy harvesters on various parts of the human body. (#) (7) A photograph of a textile biofuel cell (BFC)
integrated into various wearable items, such as headbands or wristbands. (i7) A scheme of the textile BFC, including a bioanode for
lactate oxidation and a cathode for oxygen reduction. (i7i) A customized printed circuit board prototype for the conversion,
conditioning, and temporary storage of extracted energy (23). (b)) The power density of the textile BFC at varying lactate fuel
concentrations (3-21 mM) in 0.1 M phosphate buffer (23). (c) A photograph of a wearable wireless electroencephalogram (EEG) system
with a thermoelectric-photovoltaic power supply wrapped around a human head (50). (d) The voltage output of the thermoelectric
device (50). (e) A photograph of a prototype flex circuit integrated onto the bracelet of a thermoelectric generator (TEG) to power a
wristwatch (106). (f) The open circuit voltage generated by a TEG used indoors when (7) sitting quietly, (/i) doing normal activity, and
(ii) walking at a speed of ~4 km/h (106). (g) A photograph of an integrated self-charging power system that harvests mechanical
energy from human motion with triboelectric nanogenerator (TENG) cloth, stores the energy with a lithium-ion battery (LIB) belt,
and then powers a heartbeat-meter strap, which has remote communication with a smartphone (107). (5) The open circuit voltage
generated by the TENG. An individual voltage peak between 0 and 1 s is shown, with the associated pressing and releasing steps (107).
(i) A photograph of a backpack integrated with a rhombic gridding TENG, which can light 40 commercial light-emitting diode (LED)
bulbs simultaneously (108). (7) The open circuit voltage generated by a rhombic gridding-based TENG (108). (k) A photograph of a
woven structured TENG (W-TENG) integrated into the sole of a shoe (109). (/) The associated current generated by the W-TENG
under the shoe (109). () A photograph of the W-TENG integrated with a trouser at the leg joint (109). (z) The associated current
generated by the W-TENG at the leg joint (109). (0) Scanning electron microscope images and a schematic illustration of a stretchable
energy harvester composed of highly ordered zinc oxide/lead zirconate titanate (ZnO/PZT) hollow hemispheres (79). (p) The
corresponding output voltages of the energy harvester generated during upward and downward hand motions (79).
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temperature of 22°C; this result demonstrates the functionality of the system over a wide range
of temperatures. Another type of TEGs is based on BiTe thermopiles; BiTe is the intermediate
state of Bi,Te; (described in Section 2.2). The system can be worn as a bracelet to utilize the
dissipated heat from the human body to power a wristwatch (Figure 7e). This TEG can also
capture energy from the temperature difference between various activities, such as sitting quietly
and walking, and can generate the output voltages shown in Figure 7f (106). In addition, the BiTe
TEG can reliably operate at indoor ambient temperatures and can generate an average power of
approximately 250 W during the daytime. This value corresponds to approximately 20 uW/cm?,
enabling the use of this device to power wearable electronics.

Mechanical energy harvesting via a TENG is appealing due to its low cost, environmental
friendliness, and universal availability, as well as its remarkable capability to generate power from
human movements. Pu et al. (107) developed an integrated textile TENG cloth with a flexible
lithium-ion battery (LIB) belt (Figure 7g). The TENG cloth has the flexibility needed for use at
various locations on the human body, and the LIB belt serves as an energy storage device. Utilizing
the contact separation triboelectrification mode described in Section 3.3, the TENG cloth (with
dimensions of 5 x 5 cm?) has an output circuit voltage of ~50 V (Figure 7h). This system can
charge the LIB belt to the operational voltage of ~1.9 V with three cycles of triboelectrification
and can power a heartbeat meter strap that uses Bluetooth technology to wirelessly communicate
with a smartphone.

Another study demonstrated the application of a TENG in a self-powered backpack config-
uration, which harvests the vibration energy from walking (Figure 77). In this study (108), the
construction of a TENG involved rhombic gridding employing multiple unit cells in order to
enhance the output voltage of the system. In addition to the multiple unit cells, the combination
of contact separation and sliding electrification (see Section 3.3) enabled the system to achieve an
open circuit voltage of 428 V (Figure 7j), with a peak power density of 30.7 W/m? (on a system
with three unit cells). Such a rhombic gridding TENG can light up 40 LEDs when a person walks
naturally while carrying the backpack (a total weight of 2.0 kg). These results show that TENGs
can harness vibration energy from a walking human to potentially extend the lifetime of a battery
or even to build self-powered systems.

An alternative way to use both the contact separation and lateral sliding modes involves the
fabrication of a woven structured TENG (W-TENG). A W-TENG employs nylon fabric and
polyester fabric as the triboelectric surfaces, which are located far apart from one another in
the triboelectric series (Figure 3), and conductive silver fiber fabric as the electrode (109). A
freestanding W-TENG can generate an open circuit voltage of 90 V under 12 mm displace-
ment. A W-TENG (with an effective area of 20 cm?) has been placed onto the bottom of a shoe
to harvest the energy from footsteps and light up nine LEDs, generating an output current of
~0.3 pA (Figure 7k,l). This W-TENG can also be integrated into trouser fabric to harvest me-
chanical energy from joint movement (Figure 7k). The integration of such systems with clothing
can generate an output current of ~0.9 pA (Figure 7/). These results demonstrate the potential
application of W-TENGs on various parts of the human body to harvest mechanical energy from
movement for use in wearable electronics.

MEHs based on inorganic piezoelectric materials have also been extensively discussed. As dis-
cussed in Section 2.4, inorganic piezoelectric materials (e.g., ZnO and PZT) are brittle, but this
limitation can be overcome through the construction of a thin film made of a highly ordered piezo-
electric hemisphere embedded in a PDMS matrix (Figure 70) (79). Such hemisphere structures
not only exhibit elastic deformation upon the application and release of external forces, but also
allow simultaneous and stable output power generation. These systems can generate an output
voltage of ~1.1 V from bending/stretching deformations introduced by upward and downward

Dagdeviren o Li o Wang



Annu. Rev. Biomed. Eng. 2017.19:85-108. Downloaded from www.annualreviews.org
Access provided by Massachusetts I nstitute of Technology (MIT) on 07/15/17. For personal use only.

hand motions (Figure 7p). Furthermore, this system can achieve an output voltage of 6 V through
a stack of three hemisphere layers under a strain of ~0.425%. The high output voltage generation,
along with the flexibility and stretchability of the energy harvester, offers a strong foundation for
wearable devices.

6. CONCLUSIONS AND OUTLOOK

Despite their improved battery capacity and reduced power demand, power sources for wearable/
implantable devices still require frequent battery replacements. As a result, patients have to un-
dergo multiple surgical procedures, with associated health risks (and high costs, in the case of
implantable devices). Energy harvesting from living subjects, as a means to recharge a battery or
to supply power without the need for batteries, is a promising solution to this problem. From
among the various energy harvesting approaches, we have described only the most extensively
studied ones based on BFCs, thermoelectricity, triboelectricity, and piezoelectricity. We have
also explained the essential working principles of these energy harvesters, along with key consid-
erations in their designs and material selection. We have summarized several representative in
vivo demonstrations on various animal and human models.

Energy harvesting from living subjects will continue to advance in the future, with a focus on
building self-powered electronics, especially for biomedical applications. First, it is important to
improve the output power and efficiency of the energy harvesters so that they can be sufficient
to power electronics sustainably. Second, it is important to ensure the devices’ biocompatibility.
Third, the stability and robustness of energy harvesters must be improved so that their lifetime is
longer than that of a battery. Finally, because some existing energy harvesters are built on rigid
electronics, these systems should be reconfigured so that they can integrate with soft biological
tissues.

Advances in materials science, mechanical engineering, and fabrication techniques have fa-
cilitated the development of electronic devices into mechanically adaptive forms. A prospective
research direction would be to further combine advanced engineering principles with existing
energy harvesters. The integration of various energy harvesters with advanced electronics could
open new routes to develop novel technologies for disease diagnostics, treatment, and prevention.
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