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1. Introduction

Implantable bioelectronics are an 
emerging technology, which can be inte-
grated into the human body for diagnostic 
and therapeutic functions—both critical 
for biomedicine.[1,2] Recent develop-
ment of advanced materials, fabrication 
schemes, and device layouts have resulted 
in a unique set of bioelectronics. These 
devices are capable of intimate contact 
with soft, curvilinear tissues that also pos-
sess transient characteristics, paving the 
way for key potential improvements to 
human healthcare. Further, these devices 
facilitate continued biomedical research, 
for instance, soft miniaturized optoelec-
tronic systems for wireless optogenetics, 
and bioresorbable electronic stents inte-
grated with therapeutic nanoparticles to 
treat endovascular diseases.[3–8] Despite 
the great progress in implantable bioel-
ectronics with miniaturized, flexible and 
bioresorbable features toward clinical 
standards, autonomous devices with 
desirable power solutions remain one of 
the biggest challenges to achieve remote 
sensing, communication and treatments 

in a continuous mode. Conventional power sources are usually 
bulky, rigid, and designed for long-term usage, and may contain 
potential hazardous components that require careful packaging. 
Representative examples include battery systems for commer-
cially available pacemakers and deep brain stimulators.[9,10] The 
fact that biological organisms are soft, curved, and have limited 
accommodation space poses new challenges for power supply 
systems to minimize the interface mismatch and yet offer suf-
ficient power to meet clinical-grade applications. Ideally, an 
implantable power device meets the following characteristics: 
miniaturized, with mechanical properties close to that of bio-
logical soft tissues, consisting of biocompatible materials with 
excellent device/tissue affinity, and capable of full biodegrada-
tion when designed for short or mid-term usage, eliminating 
the need for device retrieval. Recent innovative strategies of 
materials chemistry and engineering have enabled reformu-
lating conventional power technologies into biocompatible 
systems in terms of constituent materials as well as mechanics 
formats. The development of biomaterials that blur the inter-
face between device and tissues can further improve their  

Implantable bioelectronics represent an emerging technology that can be 
integrated into the human body for diagnostic and therapeutic functions. 
Power supply devices are an essential component of bioelectronics to 
ensure their robust performance. However, conventional power sources 
are usually bulky, rigid, and potentially contain hazardous constituent 
materials. The fact that biological organisms are soft, curvilinear, and 
have limited accommodation space poses new challenges for power 
supply systems to minimize the interface mismatch and still offer suf-
ficient power to meet clinical-grade applications. Here, recent advances 
in state-of-the-art nonconventional power options for implantable 
electronics, specifically, miniaturized, flexible, or biodegradable power sys-
tems are reviewed. Material strategies and architectural design of a broad 
array of power devices are discussed, including energy storage systems 
(batteries and supercapacitors), power devices which harvest sources 
from the human body (biofuel cells, devices utilizing biopotentials, 
piezoelectric harvesters, triboelectric devices, and thermoelectric devices), 
and energy transfer devices which utilize sources in the surrounding envi-
ronment (ultrasonic energy harvesters, inductive coupling/radiofrequency 
energy harvesters, and photovoltaic devices). Finally, future challenges 
and perspectives are given.

Implantable Bioelectronics
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biocompatibility, e.g., in order to obtain excellent adhesion to 
tissues, mussel-inspired polydopamine (PDA)-based hydrogels 
were designed with superior self-healing ability, anti-freezing 
and anti-heating performance, high transparency, and excellent 
tissue affinity and adhesiveness.[11–14] Meanwhile, continuous 
advances in microfabrication techniques and circuit design 
allow the minimization of power needed for implantable bioel-
ectronics, while still maintaining sophisticated functions. The 
typical power consumptions and voltage inputs of representa-
tive implantable bioelectronics are summarized in Table 1. As 
it is shown, biosensing systems typically consume less energy 
(<≈50 µW), where the dominant consumption likely comes 
from communication, analogue to digital conversion or signal 
amplifications and processing.[2,15,16] Radiofrequency (RF) data 
transmission requires ≈10 µW to 1.5 mW.[17,18] By contrast, the 
power needed for stimulations span a wide range, for example, 
5–35 µW for pacemakers,[19] 4.5–21 mW for muscle stimula-
tion,[20] while up to 40 mW for optical stimulation.[21,22] Fur-
ther research in materials chemistry and device design that 
integrate various energy strategies could potentially achieve 
novel miniaturized biocompatible power systems that can fulfill 
the operational characteristics for a broader range of practical 
implantable electronics.

In this review, we focus on the recent advances of the state-
of-art nonconventional power options for implantable elec-
tronics, specifically, miniaturized, flexible, or biodegradable 
power systems. First, the general design strategies of non-
conventional miniaturized biocompatible power systems will 
be discussed. Following, a broad collection of various types 
of power devices, including: energy storage systems (bat-
teries and supercapacitors); power harvesting devices that use  
sources from the human body (biofuel cells, devices utilize 
biopotentials, piezoelectric harvesters, triboelectric devices, 
and thermoelectric devices); or energy transfer devices, which 
utilize sources from the surrounding environment (ultrasonic 
energy harvesters, inductive coupling/RF energy harvesters and 
photovoltaic devices), are summarized in Figure 1. The mate-
rials options, integration schemes and associated performance 
of each category will be reviewed. Challenges and opportunities 
will be discussed, and perspectives on future research will be 
given at the end.

2. Materials and Structural Strategies  
of Power Devices

In general, approaches to reformulate conventional power devices 
into novel miniaturized biocompatible systems include both 
materials and architectural design. The first strategy involves 
introducing novel materials that are intrinsically biocompatible, 
flexible or biodegradable. For example, soft biopolymers and 
hydrogels are excellent candidates which readily adapt to soft 
tissues, reduce irritation and/or the foreign body response.[30,31] 
Inorganic materials like biodegradable metal foils (magnesium 
(Mg), zinc (Zn), etc.) also possess good biocompatibility, as well as 
high energy densities, and are therefore widely applicable as elec-
trodes in batteries or interconnect materials in power devices.[32,33] 
Composite materials involving formation of networks of active 
materials in a biocompatible soft polymer matrix represent an 
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alternative approach.[34] If the implantable systems are designed 
for short or mid-term application, biodegradable characteristics 
are desirable, so as to eliminate the need for a second surgery for 
device retrieval.[35–38] Adopting biodegradable materials into the 
device systems will be critically important, including the metals 
and oxides acting as electrodes or interconnects (Mg, Mg alloy, 
Zn, iron (Fe), molybdenum (Mo), silicon dioxide (SiO2), magne-
sium oxide (MgO), molybdenum trioxide (MoO3), etc.);[33,34,39,40] 
polymers acting as dielectrics, electrolytes or encapsulations (poly 
lactic-co-glycolic acid (PLGA), polycaprolactone (PCL), polyanhy-
dride, alginate, etc.);[34,41] and semiconductors (silicon (Si), silicon 
germanium alloy (SiGe), indium–gallium–zinc-oxide (IGZO), 
etc.) which act as key components for diodes or transistors.[35,42–44]
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Table 1. Voltage requirements and power consumptions of various categories of bioelectronics.

Categories of bioelectronics Voltage Power consumption Refs.

Biosensors Analogue-to-digital conversion 1.2–1.5 V <35 µW [15,16]

Timers for biosensors 0.3–1.3 V <660 pw [23,24]

Communication Radiofrequency transmitters 0.5–1.2 V 10 µW to 1.5 mW [17,18]

Ultrasonic transmitters 0.5–2.0 V 0.5–1.5 mW [25,26]

Stimulation Optical stimulation 3–3.4 V 1–40 mW [21,22]

Electrical stimulation 1.6–3 V 5 µW to 25 mW [19,27,28]

Actuators 4–4.5 V 50–100 mW [29]

Power Harvesting Devices
from sources in the bodyTriboelectric Devices

Biofuel Cells
Devices Utilizing

Biopotentials

Supercapacitors
Ultrasonic Energy Harvesters

Piezoelectric
Harvesters

Photovoltaic Devices

Batteries

Thermolelectric Devices

Inductive Coupling/RF 
Energy Harvesters

Energy Transfer Devices
from the surrounding environment

Energy Storage Systems

Figure 1. A collection of various types of power devices. Reproduced with permission.[41] Copyright 2019, Springer Nature. Reproduced with permis-
sion.[66] Copyright 2017, Wiley-VCH. Reproduced with permission.[91] Copyright 2008, RSC Publishing. Reproduced with permission.[106] Copyright 2012, 
Springer Nature. Reproduced with permission.[45] Copyright 2010, Wiley-VCH. Reproduced with permission.[139] Copyright 2016, American Chemical 
Society. Reproduced with permission.[147] Copyright 2006, Elsevier. Reproduced with permission.[169] Copyright 2016, Elsevier. Reproduced with permis-
sion.[32] Copyright 2018, Springer Nature. Reproduced with permission.[195] Copyright 2018, Wiley-VCH. 
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The second strategy incorporates mechanics and geometrical 
design to achieve device architectures with flexible and compact 
features. For example, the use of rigid inorganic materials in 
nanowire or thin film format enables accommodate of relatively 
large deformations but does not induce significant strain in the 
materials.[6,45] Introducing serpentine or buckling structure of 
semiconductors or interconnects can further enhance the capa-
bility to adapt deformation without sacrificing electrical perfor-
mance.[46] In addition, in order to further maintain electrical 
stability, island-bridge configurations which leave the semicon-
ductor components in their flat format, but transform the metal 
interconnects into stretchable wavy forms can be utilized.[8] 3D 
coiling or stacking structures formed through novel fabrication 
techniques allow miniaturization of power devices.[47,48] Never-
theless, depending on the type of power devices, size reduction 
could still sacrifice power capacity. Biocompatible high energy 
materials, novel structure schemes as well as ultralow power 
electronics design are potential solutions. Various emerging 
nonconventional power supply systems will be discussed in 
details in the following sessions.

3. Energy Storage Systems

3.1. Batteries

Batteries play an indispensable role in powering implantable 
bioelectronics, as they have high energy density, excellent cyclic 
stability, and can be deployed in most physiological environ-
ments. Since the 1960s, lithium batteries have been used as 
power sources for pacemakers and other implantable medical 
devices (IMDs).[49] Despite their wide usage, conventional 
implantable battery systems are bulky, rigid, and possess the 
risk of hazardous material leakage. Exploring new materials 
chemistry and reformulating battery structure is therefore 
necessary to ensure novel miniaturized biocompatible battery 
systems that can match the soft nature of the human body. 
In these emerging systems, achieving sufficient capacity is 
essential in order to satisfy the power consumption of the tar-
geting implantable electronics and avoid the need for charging 
through external energy transfer devices, which might not be 
practical in deeper regions of the body.[2]

Biocompatible metallic electrodes (e.g., Mg and Zn) with 
high energy density in the thin-film or thin-foil format, acting 
as the anodes represent one widely adopted strategy to achieve 
both biocompatible and flexible battery implants.[50,51] Cou-
pled with biocompatible thin-film cathode materials (e.g., 
platinum (Pt), copper (Cu), gold (Au), polypyrrole (PPy)), the 
constructed galvanic cells can offer electrical power through 
the electrochemical dissolution process of the active materials 
(Mg, Zn). Biofluids or biopolymer materials serves as the elec-
trolyte, which circumvents the usage of hazardous solvents as 
that in general lithium-ion battery.[51,52] A miniaturized and 
flexible Mg–Cu and Zn–Cu galvanic cell, reported by Nadeau 
et al., is shown in Figure 2a.[51] The prolonged energy collec-
tion system can provide a voltage of 0.2 V and power density of  
2.3 µW mm−2 by 1 mm2 Zn–Cu cell, enabling in vivo tempera-
ture sensing and wireless communication in the gastrointestinal 
tract in a pig model. The device also uses the harvested energy 

to activate drug release through the electrochemical dissolution 
of the Au film. The work from Proteus Digital Health proposed 
a highly integrated platform for measuring medication inges-
tion and adherence in real-time, which employed a Mg–CuCl 
battery that utilizes gastric fluid as the electrolytic solution.[53]  
Mg alloy and biocompatible polypyrrole-para(toluene sulfonic 
acid) (PPy-pTS) films have been reported as the anode and 
cathode materials respectively, as shown in Figure 2b, and a 
maximum volumetric power density of 3.9 W L−1 is achieved.[52] 
Flexible silk fibroin thin films have also been reported as an 
alternative cathode material for a Mg–air battery, and they are 
disintegrable in the concentrated buffered protease XIV solu-
tion (lost 82% mass after 15 days).[54] Moreover, room temper-
ature liquid metals can also potentially serve as the electrode 
components in building flexible implantable battery.[55,56]

For temporary biomedical implants, fully biodegradable bat-
tery system eliminating unnecessary materials retention in 
the human body after usage is attracting significant attention. 
Batteries with all dissolvable materials have been proposed to 
build fully degradable systems. Materials candidates include 
biodegradable metals (Mg, Zn, Fe, tungsten (W), Mo et al.),[33] 
dissolvable oxides (MoO3),[34] and biodegradable polymers 
or hydrogels (e.g., PLGA, alginate)[34,41] as the electrolyte and 
encapsulation materials. A fully biodegradable Mg–MoO3 bat-
tery reported by Huang et al. appears in Figure 2c.[34] A stable 
voltage up to 1.6 V and the power density of 0.27 mW cm−2 
is achieved. The battery is shown to be fully degradable both 
in vitro and in vivo, and the cell toxicity and biocompatibility 
evaluation in rats do not show any significant adverse effects. 
Tsang et al. reported continuous progress on miniaturized bio-
degradable Mg–Fe galvanic cells, and a representative structure 
appears in Figure 2d.[57] An energy density of 694 Wh kg−1 with 
a 0.02 cm3 total volume is achieved.[57,58] As shown in Figure 2e, 
the introduction of dry electrolyte (PCL films) with preloaded 
salts enables water activated Mg–Fe batteries with prolonged 
storage time and allows performance relatively independent of 
the external biofluids environment.[41]

Miniaturized metal ion batteries powered with aqueous 
solutions offer another biocompatible power solution for 
implantable batteries and can enable rechargeability. Sodium, 
potassium, and magnesium ion batteries are of particular 
interest, as these ions are already present in the human body. The 
choice of electrode materials suitable for the reversible storage/
release of ions over a sufficient lifetime remains a challenge. 
Kim and Bettinger have reported miniaturized, edible sodium-
ion batteries made using activated carbon (AC) and manganese 
dioxides (MnO2) as the anode and cathode respectively, as shown  
Figure 2f.[59] The battery is packaged in gelatin capsules and can 
be deployed upon activation in the stomach, and a voltage of 
0.6 V and current of 20 µA can be generated. Kim et al. further 
developed an edible sodium-ion battery with an output voltage 
of up to 1.03 V based on bioderived melanin and MnO2 elec-
trodes.[60] A schematic graph of another melanin-based sodium 
ion full cell is shown in Figure 2g, which was fabricated by 
silver nanowire (AgNW) cathodes along with sodium titanium 
phosphate (NTP, NaTi2(PO4)3) anodes, and may also be used 
as the power supply for ingestible and implantable medical 
devices.[61] The melanin electrode can also be used as the elec-
trode for Mg2+ rechargeable batteries through catechol-mediated  
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reversible binding of multivalent cations (Mg2+). A reasonable 
charge storage capacity (61.6 mAh g−1) and cycling stability 
(over 500 cycles) in melanin half-cells has been realized.[62] 
Besides melanin, biomaterials like polydopamine (PDA),[63,64] 
juglone[65] are all proposed as electrodes for metal ion batteries. 
As shown in Figure 2h, combined with the redox activity of 
quinone groups in Juglone and the high conductivity of redox 
graphene oxides nanosheets, a sodium-ion battery with high 
storage capacity and cycling stability is achieved.[65] Future 
exploration of the use of these biomaterials in implantable bat-
tery systems is an area of potential interest.

Overall, batteries represent the essential approach in sup-
plying power for IMDs. Further optimization of materials 
chemistry and battery architecture will enable biocompatible, 

flexible and biodegradable battery systems with more desirable 
performance. Biocompatible organic materials provide alter-
native electrode choices. Moreover, strategies to trigger and 
interact with implantable batteries upon and after deployment 
will offer more versatile functionalities.

3.2. Supercapacitors

Supercapacitors offer an important alternative energy option for 
implantable bioelectronics, as they have superior power densi-
ties, charge/discharge rates, and cycle lifetime compared to 
batteries. In contrast to batteries, supercapacitors store energy 
either through ion adsorption or redox reactions at the interface 

Small 2020, 16, 1902827

Figure 2. Implantable batteries: a) An implantable energy system powered by a miniaturized Zn/Mg–Cu cell. Reproduced with permission.[51] 
Copyright 2017, Springer Nature. b) An implantable battery composed of Mg alloy and biocompatible PPy-pTS. Reproduced with permission.[52] 
Copyright 2014, American Chemical Society. c) A fully biodegradable Mg–MoO3 battery. Reproduced with permission.[34] Copyright 2018, Wiley-VCH. 
d) A miniaturized biodegradable Mg–Fe galvanic cell. Reproduced with permission.[57] Copyright 2015, Springer Nature. e) A water-activated Mg–Fe 
battery with preloaded dry electrolyte. Reproduced with permission.[41] Copyright 2019, Springer Nature. f) A miniaturized edible sodium ion batteries. 
Reproduced with permission.[59] Copyright 2013, Royal Society of Chemistry. g) A schematic of sodium ion full battery based on melanin and NTP 
electrodes. Reproduced with permission.[61] Copyright 2016, Wiley-VCH. h) A sodium ion battery based on the redox reactions of quinone groups. 
Reproduced with permission.[65] Copyright 2015, Wiley-VCH.
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between the electrode and electrolyte. Although their power 
densities are generally lower compared to those of battery 
systems, supercapacitors can be integrated with other energy 
harvesting systems and provide rapid energy storage. By incor-
porating various materials in the thin film formats, including 
metals, oxides,[39,66,67] silicon,[68] carbon materials,[69–72] and 
organic polymers,[73] supercapacitors can be reformulated into 
novel, flexible, stretchable, and biodegradable (or edible) sys-
tems that can better adapt to the human body.[70–72,74] Chae 
et al. implanted two biocompatible hybrid electrodes fabricated 
by MnO2 and carbon into the subcutaneous layer of rat’s skin 
as shown in Figure 3a, demonstrating a stable supercapacitor 
performance (0.2–1 V at 2 mA) for 5000 cycles.[75]

Flexibility is an essential property for implantable superca-
pacitors. Carbon materials have been widely used for flexible 
and stretchable supercapacitors.[70–72] Based on carbon mate-
rial and the prestraining-then-buckling approach, a stretchable, 
wire-shaped supercapacitor can maintain its electrochemical 
properties at 0–100% tensile strains, or after 20 mechanical 
strain-release cycles.[72] As shown in Figure 3b, a biocompatible 
and flexible supercapacitor consisting of hydrophilic carbon 
nanotubes (CNT) fibers can work in phosphate-buffered solu-
tion (PBS), serum and blood, maintaining a capacitance of 
20.8 F g−1 by 98.3% after 10 000 cycles.[69] Polymers including 
natural biomolecules also present their potential to be used in 
flexible supercapacitors, including melanin,[73] deoxyribonucleic 

acid (DNA) hydrogel,[76] ferritin.[77] Kumar et al. presented a spe-
cific capacitance of 167 F g−1 based on melanin materials, with 
a calculated maximum power density of melanin supercapaci-
tors of up to 20 mW cm−2, suggesting that melanin could be an 
effective candidate for future flexible supercapacitor electrodes 
(Figure 3c).[73] Alternatively, the porous DNA hydrogel is used 
as an excellent template for the combination of CNT and poly-
aniline (PANI) to produce high-performance supercapacitors, 
as illustrated in Figure 3d.[76]

Biodegradable and edible supercapacitors have also been 
proposed.[66,67,74] As shown in Figure 3e, Lee et al. reported 
the first biodegradable supercapacitors using water-soluble 
metallic electrodes and an agarose electrolyte. A capacitance of 
1.6 mF cm−2 and power density of 1 mW cm−2 is obtained.[66]

4. Power Harvesting Devices Utilize Sources  
from the Human Body

4.1. Biofuel Cells

Implantable biofuel cells based on catalytic reactions of biochem-
icals (e.g., glucose) are alternative power sources for IMDs, with 
the advantage of sustainable power supply provided fuels are 
available. The most widely used biofuel is glucose, as it is readily 
available in the human body. The redox reactions of biofuels 

Small 2020, 16, 1902827

Figure 3. Implantable supercapacitors: a) A supercapacitor consisting of MnO2 and carbon materials implanted into the subcutaneous layer of the rat’s 
skin. Reproduced with permission.[75] Copyright 2017, Elsevier. b) A biocompatible supercapacitor consisting of hydrophilic CNT fibers. Reproduced 
with permission.[69] Copyright 2017, Elsevier. c) A melanin-based supercapacitor. Reproduced with permission.[73] Copyright 2013, Royal Society of 
Chemistry. d) A high performance supercapacitor with porous DNA hydrogel as the template. Reproduced with permission.[76] Copyright 2013, Royal 
Society of Chemistry. e) A fully biodegradable and edible supercapacitor. Reproduced with permission.[66] Copyright 2017, Wiley-VCH.
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are devoted to the power source, with three main approaches to  
harvest chemical energy, i.e., microbial, enzymatic, and nonenzy-
matic types. Microbial oxidation at the anode is the most effec-
tive method, however, the large device carrying microorganisms 
is not suitable for implantation.[78] In contrast, after the first 
demonstration by Yahiro et al.,[79] it is suggested that enzymatic 
glucose biofuel cells (GBFC), based on glucose oxidase could be 
implanted in blood vessels to extract electricity.[80,81] The repre-
sentative structure is shown in Figure 4a.[82] The catalytic oxida-
tion of glucose at the anode and the reduction of oxygen at the 
cathode in the blood vessels converts electrochemical energy into 
electrical energy. Although the deployment in blood vessel has 
not been realized yet due to various fundamental and techno-
logical issues, the enzymatic biofuel cells have been successfully 
implanted in biological organs and tissues of many creatures, 
including plants (grape[83] and cactus[84]), invertebrates (cock-
roaches,[85,86] snail,[87] clam,[88] and lobster[89]) and vertebrates 
(rats[90–92] and rabbits[83]). Figure 4b shows a glucose biofuel 
cell based on glucose oxidase and laccase on CNT implanted 
in the abdominal cavity of a rat, proving glucose in the body 
could serve as the only energy source, producing an open circuit 
voltage of 0.57 V and power density of 193.5 µW cm−2.[92] The 
introduction of nanomaterials (i.e., multiwalled carbon nano-
tubes (MWCNT),[88] gold nanoparticles (AuNP),[93] and platinum 
nanoparticles (PtNP)[94]) effectively decreases the device volume 

and improves the power density of glucose biofuel cells (up 
to 3700 µW cm−2), as shown in Figure 4c. The use of Bucky-
paper,[87–89] carbon films,[94] and polymers[95] in glucose biofuel 
cell also increases the mechanical flexibility of the cells. Due to 
biofouling, enzyme degradation, and the inflammatory response, 
general glucose fuel cells have a very limited lifetime (from sev-
eral hours to days),[96] which may not match the requirements 
of IMDs designed for longer-term usage. The introduction of a 
chitosan (Chit)-MWCNT cathode, crosslinked by genipin which 
can enhance the matrix and enzyme immobilization, as well as 
prevent the degradation of the chitosan, improve the lifetime of 
the cell by up to 167 days, demonstrating the potential for long-
term energy supply, as shown in Figure 4d.[91]

On the other hand, the nonenzymatic biofuel cells 
have the advantages of easy assembly and eliminate the 
enzyme degradation issues, although the power efficiencies 
are lower (<40 µW cm−2) compared to the enzymatic fuel cells 
(193.5 µW cm−2).[97,98] Nevertheless, the advances in semicon-
ductor fabrication techniques promote the performance of 
nonenzymatic biofuel cells. As illustrated in Figure 4e, a non-
enzymatic biofuel cell, fabricated by a complementary metal–
oxide–semiconductor (CMOS) process, composed of activated 
nanostructured Pt anodes and single-walled carbon nanotubes 
(SWCNT) cathodes, achieves a steady-state power of 3.4 µW cm−2 
and a peak power up to 180 µW cm−2.[99] By using the cells, it is 
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Figure 4. Biofuel cells: a) The scheme of working principle of implantable glucose biofuel cells in the blood vessel. Reproduced with permission.[82] 
Copyright 2010, MPDI AG. b) A glucose biofuel cell based on glucose oxidase and laccase on CNT implanted in the abdominal cavity of a rat. 
Reproduced with permission.[92] Copyright 2013, Springer Nature. c) A layer-by-layer (LBL) assembly GOx-coated metallic cotton fibers for glucose  
biofuel cells. Reproduced with permission.[93] Copyright 2018, Springer Nature. d) A chitosan (Chit)-MWCNT cathode crosslinked by genipin  
enclosed within a Dacron bag and inserted into the retroperitoneal space of rat. Reproduced with permission.[91] Copyright 2008, RSC Publishing.  
e) Conceptual schematic design of nonenzymatic glucose biofuel cell implantation composed of activated nanostructured Pt anode and SWCNT cathode. 
Reproduced with permission.[99] Copyright 2012, Public Library of Science. f) A noninvasive epidermal biofuel cell. Reproduced with permission.[100] 
Copyright 2013, Wiley-VCH.
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expected that at least 1 mW could be harvested from the natural 
recirculation of the cerebrospinal fluids around the human brain.

In addition, the diversity of biofuels has been constantly 
expanded given the abundant biochemicals in the living body. 
Lactate[100–102] has been shown to be useful in various medical 
devices, and as shown in Figure 4f, the power density, ranging 
from 5 to 70 µW cm−2, is generated by noninvasive epidermal 
biofuel cells, through the oxidation of lactate in perspiration 
(at the lactate oxidase functionalized anode) and reduction of 
oxygen at the Pt-black-modified carbon cathode. By using mito-
chondria as the catalyst, pyruvate acid,[103] succinate acid,[104] 
fatty acids,[103] and amino acids[105] have also been shown to have 
potential applications in biofuel cells at the subcellular level.

4.2. Devices Utilize Biopotentials

Taking advantages of biopotential existing in the human body 
could be another power source for implantable devices. Endo-
cochlear potential (EP) produced by potassium ion transfer 

between the perilymph and the endolymph offers the largest 
positive direct current electrochemical potential (70–100 mV) 
in mammals.[106] As given in Figure 5a, an ultralow power 
wireless signal device can be supported for up to 5 h by the 
endocochlear potential of a guinea pig, using two minia-
turized glass beveled microelectrodes (1 µm in diameter) 
inserted into the endolymph and perilymph. On the other 
hand, the membrane potential, caused by the transfer of ions 
(such as potassium (K) and sodium (Na) ions) across chan-
nels and pumps on the electrically polarized cell membrane, 
is not limited by location, and therefore, easier to harvest than 
the endocochlear potential. Catacuzzen has harvested elec-
trical energy from female frog cells and enabled the operation 
of a wireless device, using a silver/silver chloride (Ag/AgCl) 
intercellular electrode and two voltage-clamps, demonstrating 
the possibility of utilizing membrane potential.[107] Inspired 
by electrical eels (Figure 5b), the accumulation of membrane 
potential caused by the stacks of electrically polarized biocells 
can be devoted to high voltage and current output, illustrating 
the potential applications of membrane potential in IMDs.[108] 
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Figure 5. Devices utilizing biopotentials: a) Endocochlear potential caused by the transfer of potassium ion between perilymph and endolymph. 
Reproduced with permission.[106] Copyright 2012, Springer Nature. b) The accumulation of membrane potential caused by the stacking of electrical 
polarized biocells. Reproduced with permission.[108] Copyright 2017, Springer Nature.
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In addition, biopotentials existing in many organs (heart, 
brain, and retina) are also worth exploring as potential power 
sources for IMDs.

4.3. Piezoelectric Harvesters

By converting the mechanical motions of the human body (e.g., 
heartbeat, breathing, etc.) directly into electrical energy, piezo-
electric energy harvesters (PEHs) have been demonstrated to be 
a potential power supply for IMDs, with the advantages of high 
power density, simple architecture, and good scalability.

Lead zirconate titanate (PZT) represents the most widely 
used piezoelectric material,[109–112] although other more biocom-
patible alternatives have also been developed, including zinc 
oxide (ZnO),[45,113,114] barium titanate (BaTiO3),[115] piezoelectric 
polymers (e.g., polyvinylidene fluoride (PVDF), electrospun 
poly(l-lactic acid) (PLLA),[116–121] and bio-piezoelectric materials 
(bacterial viruses (M13 phase), fish swim bladder[122,123]). Most 
high performance inorganic piezoelectric materials are rigid 
and brittle. In consideration of the soft and irregular surfaces 

of biological tissue, structural reformulation (nanowires, thin 
films, etc.), and integration with soft materials are necessary 
to achieve the high flexibility and sensitivity necessary to avoid 
causing any damage to the tissues. Figure 6a,b illustrates the 
first implanted flexible piezoelectric harvester based on single 
ZnO nanowires in a male SD rat producing an alternating 
current. The output voltage and current are around 3 mV and 
30 pA, respectively.[45] In contrast to conventional cantilever 
structure, Deterre et al. designed a microspiral-shape piezo-
electric energy harvester packaged by 10 µm deformable ultra-
flexible electrodeposited microbellows, creating a miniaturized 
high-density (6 µJ cm−3 per cycle) energy harvester with a size 
of 6 mm in diameter and 21 mm3 in volume. Such an energy 
harvester could collect energy from blood pressure variations 
in the cardiac environment and serve as life-lasting leadless 
pacemakers.[124] By using intrinsically soft polymers and thin 
film metallic interconnects, Zhang et al. proposed a flexible 
piezoelectric energy nanogenerator (PENG) based on a PVDF 
membrane with a size of 2.5 cm × 5.6 cm × 200 µm. The device 
is implanted by wrapping it around the ascending aorta in a 
pig (Figure 6c).[116] An electrical potential of 1.5 V and 300 nA 
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Figure 6. Implantable piezoelectric harvesters: a,b) The first implanted flexible piezoelectric harvester based on single ZnO nanowire in a male SD rat. 
Reproduced with permission.[45] Copyright 2010, Wiley-VCH. c) A flexible piezoelectric energy nanogenerator (PENG) implanted around the ascending 
aorta of a porcine. Reproduced with permission.[116] Copyright 2015, Elsevier. d) An ultraflexible energy harvester (UFEH) collecting biomechanical 
energy under different physiological conditions in pigs. Reproduced with permission.[111] Copyright 2015, Springer Nature. e) A flexible piezoelectric 
harvester based on PZT thin films. Reproduced with permission.[110] Copyright 2014, National Academy of Sciences. f) A piezoelectric energy harvester 
assembled by modified M13 phase. Reproduced with permission.[122] Copyright 2012, Springer Nature.
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is obtained from the pulsation of the blood vessels. Figure 6d 
presents the implantation of ultraflexible ceramic PZT thin-film 
piezoelectric devices to harvest biomechanical energy under dif-
ferent physiological conditions in pigs, including the opening 
or closing of the thoracic cavity, and the status of being awake 
or under anesthesia.[111] The obtained peak-to-peak voltage is 
as high as 3 V, which is comparable to the input required by 
typical biomedical devices such as commercial pacemakers. 
Another example of a flexible piezoelectric harvester based on 
PZT thin-films appears in Figure 6e, and it is implanted to har-
vest the energy from movements of the heart, lung, and dia-
phragm of bovine and ovine, demonstrating that a stable (over 
20 million bending/unbending cycles), complete and integrated 
piezoelectric energy harvesting system can be applied on large 
animals with organ size approaching the human scale.[110]

Further, piezoelectric harvesters built on biodegradable 
piezoelectric materials can physically disappear after usage and 
avoid a second surgery for device retrieval. Dagdeviren et al. 
has proposed a piezoelectrical device consisted of water soluble 
materials (ZnO, Mg, MgO, and silk), which completely dissolve  
in deionized water within 60 min at room temperature, a  
representative illustration of a biodegradable piezoelectric 
energy harvester.[113]

Moreover, biomaterials like piezoelectric microorganisms 
and organics with a short life time have also attracted sig-
nificant attention. Lee et al.[122,125] proposed a piezoelectric 
energy harvester assembled by a modified M13 phase (bacte-
rial viruses), and flexible chromium/gold (Cr/Au) thin-films, 
which could generate electrical potential of 6 nA and 400 mV to 
operate a liquid-crystal display (Figure 6f).[122] Moving forward, 
silk, bone, swim bladder, and other bio-piezoelectric materials 
are also of exploratory interest.

4.4. Triboelectric Devices

Similar to piezoelectric energy harvesters, the triboelectric 
nanogenerator (TENG) represents an alternative power solution 
to convert random mechanical energy in the body into electric 
power. TENG utilizes the conjunction of triboelectrification and 
electrostatic induction resulting from the frictional charge sepa-
ration between different materials with opposite triboelectric 
polarities, which shows unique advantages, including simple 
fabrication, low-cost manufacturing, universal feasibility, and 
durability.[126–129] A TENG generally consists of two sheets of 
organic/inorganic films that exhibit distinctly different elec-
tron-attracting abilities, with one electrophilic and the other 
electrophobic. Alternating potential difference will be induced 
upon cycled separation and recontact of the opposite triboelec-
tric charges on the surface of the materials.[130–132]

The material properties, including the electron affinity, related 
to the surface charge density; surface roughness, related to the 
triboelectrification characteristic; the work function, and so on, 
play important roles in the output performance of a TENG. A 
wide range of materials have been explored to build flexible 
TENG, including intrinsically flexible polymers or thin-film 
inorganic conductors. For example, Kapton, silk, polytetrafluor-
oethylene (PTFE), PVDF, fluorinated ethylene propylene (FEP), 
and poly(1H,1H,2H,2H-perfluorodecylmethacrylate) (PFDMA) 

are used for negatively charged triboelectric materials;[133–136] 
nylon, Al, Cu, and polymethyl methacrylate (PMMA) are used 
for positively charged triboelectric materials;[134,137] and Teflon, 
PTFE, and polydimethylsiloxane (PDMS) are used for substrates 
or encapsulations.[134,136–139] A typical stacked arch-shaped struc-
ture of TENG appears in Figure 7a.[139] Other alternative struc-
tures include a spring configuration consisting of alternatively 
stacked arch-shaped and anti-arch-shaped structures,[140] and the 
in-plane sliding structure.[135]

Various TENGs have been demonstrated as a potential 
flexible biomechanical energy harvester for self-powered 
IMDs.[134,136] Figure 7b shows an implantable pacemaker pow-
ered by a flexible TENG which harvests energy from the peri-
odic breathing in a living rat. This TENG consists of Al-foil 
(contact layer and one electrode), Au film (the other electrode), 
a thin Kapton substrate, and PDMS films (encapsulation) cre-
ating on a fully packaged structure. The output open-circuit 
voltage and short-circuit current of this TENG with overall size 
of 1.2 × 1.2 cm is about 12 V and 0.25 µA, respectively, and 
the power density can reach up to 8.44 mW m−2.[134] However, 
the generated energy is much lower than that needed by the 
human body, as the rats are much smaller. A flexible TENG 
with high output performance in large-scale animals, driven by 
the heartbeat of adult pigs was achieved, and the device struc-
ture is given in Figure 7a. Figure 7c shows the in vivo output 
performance of the TENG in an adult Yorkshire porcine. It 
is composed of a multilayered structure with nanostructured 
PTFE as the triboelectric layer, Kapton film as a flexible sub-
strate, an Au layer as one electrode, and Al-foil as the other 
triboelectric layer and electrode. The in vivo output voltage 
and the corresponding current can reach 14 V and 5 µA, 
respectively, and the implanted TENG is demonstrated to con-
tinuously generate electricity for over 72 h in the active por-
cine.[139] Furthermore, a fully implanted symbiotic pacemaker, 
based on a flexible TENG, has been shown to successfully 
achieve energy harvesting as well as cardiac pacing and sinus 
arrhythmia correction on the large animal model. Figure 7d 
shows the in vivo energy harvesting process driven by the dias-
tole and systole of the heart. This TENG consists of a tribo-
electric layer (nanostructured PTFE), a spacer (ethylene-vinyl 
acetate copolymer, EVA), keel (titanium), and encapsulation 
layers (Teflon film and PDMS) based on a core–shell structure.  
The open-circuit voltage and the corresponding short-circuit 
current of this TENG reaches up to 65.2 V and 5.9 µA, respec-
tively. Long-term output stability of this TENG testing using 
an accelerate fatigue test shows that the open-circuit voltage 
can maintain a voltage of 95 V after 100 million mechanical 
stimuli cycles (completed using a vibration table), as presented 
in Figure 7e.[136] Moreover, a “smart” vagus nerve stimulation 
system, powered by a flexible TENG, which can reduce food 
intake and achieve weight control by yielding electric signals 
in responsive to the peristalsis of the stomach is demonstrated, 
as presented in Figure 7f.[141]

In addition to flexibility, biodegradability is another impor-
tant characteristic to be considered for implantable biomedical 
applications. Demonstrated materials candidates for biodegrad-
able TENGs include silk, poly(lactic) acid (PLA), gelatin, PLGA, 
poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid) (PHB/V), 
PCL, chitosan, and poly(vinyl alcohol) (PVA) as the triboelectric 
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Figure 7. Triboelectric devices as power sources for implantable bioelectronics. a) A stacked arch-shaped structure of TENG. Reproduced with per-
mission.[139] Copyright 2016, American Chemical Society. b) An implantable pacemaker powered by a flexible TENG. Reproduced with permission.[134] 
Copyright 2014, Wiley-VCH. c) In vivo output performance of a TENG in an adult Yorkshire Porcine. Reproduced with permission.[139] Copyright 2016, 
American Chemical Society. d) In vivo energy harvesting process driven by the diastole and systole of the heart. e) Stability performance of TENG. 
Reproduced with permission.[136] Copyright 2019, Springer nature. f) A “smart” vagus nerve stimulation system powered by a flexible TENG to achieve 
weight control. Reproduced with permission.[141] Copyright 2018, Springer nature. g) A biodegradable TENG implanted in the subdermal dorsal region 
of a SD rat. Reproduced with permission.[142] Copyright 2016, Science Advances. h) The degradation process of a fully biodegradable TENG. i) Stability 
of the TENG. Reproduced with permission.[143] Copyright 2017, Elsevier. j) A T2ENG in the subdermal dorsal region of a SD rat. k) The schematic of a 
T2ENG integrated with phenobarbital-doped silk film for “smart” drug release. Reproduced with permission.[119] Copyright 2018, Wiley-VCH.
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and encapsulations layers; and dissolvable metals, such as Mg, 
acting as the electrodes.[119,142–144]

A biodegradable TENG composed of PLGA, PHV/B, PVA, 
PCL, and Mg in a multilayer structure has been reported. Tun-
able electrical output capabilities and degradation properties 
are achieved by fabricated TENG with different material com-
binations. The electrical output performance of the device can 
reach an open-circuit voltage of up to 40 V and a corresponding 
short-circuit current of 1 µA. Figure 7g shows the image of the 
implanted TENG located in the subdermal dorsal region of a 
Sprague–Dawley (SD) rat. Most constituent materials success-
fully biodegrade in the animal body within 9 weeks of implanta-
tion.[142] By introducing optimized gelatin and PLA as the tribo-
electric materials, a biodegradable TENG with improved power 
output is achieved (open circuit voltage of 500 V, short circuit 
current density of 10 mA m−2 and power density over 5 W cm−2 
with a size of 4 × 4 cm), comparable to those made of nonbio-
degradable materials. The constituent materials of TENG (Mg/
gelatin and Mg/PLA) are fully degradable in water after 40 days, 
and the degradation process at various stages are illustrated 
in Figure 7h. In terms of mechanical reliability and stability, 
the output voltage of this TENG decreases slowly from 505 to 
468 V after 15 000 cyclic contacts, as shown in Figure 7i.[143] 
Moreover, a multifunctional implantable transient triboelectric 
nanogenerator (T2ENG) with real-time in vivo monitoring and 
“smart” treatment via controllable drug delivery has also been 
demonstrated. Figure 7j shows the image of the implanted 
T2ENG with silk and Mg film as the triboelectric layers in the 
subdermal dorsal region of an SD mouse. The schematic of 
the T2ENG integrated with the phenobarbital-doped silk film 
for “smart” drug release is illustrated in Figure 7k. The open-
circuit voltage and the short-circuit current are 60 V and 1 µA, 
respectively, and the device is fully degradable.[119]

4.5. Thermoelectric Devices

Apart from mechanical motions, temperature gradients gen-
erated in the human body are another source of energy that 
can be harvested. The thermoelectric power generator (TEG) 
that converts heat energy to electric current based on Seebeck 
effects has been widely investigated.[145–147] The effectiveness of 
a thermoelectric material is determined by the dimensionless 
thermoelectric figure of merit, defined as ZT = S2σT/κ, where 
S, σ, T, and κ are the Seebeck coefficient, electrical conductivity, 
temperature, and thermal conductivity, respectively.[148,149] The 
performance of TEGs depends on the available temperature 
gradients, materials properties and device structure. Semicon-
ductor materials such as bismuth telluride (Bi2Te3) and anti-
mony telluride (Sb2Te3) are promising candidates for TEGs due 
to their large Seebeck coefficients.[150–153] Although conducting 
polymers including polyaniline, epoxy, polyimide (PI), polypyr-
role, and poly (3,4-ethylenedioxythiophene:poly(styrenesulfo
nate)) have been proposed to fabricate flexible TEGs,[147,154–156] 
their output power density is not sufficient due to their low ZT 
values and high contact resistance. In order to achieve higher 
output power density and suppress the heat-loss through the 
substrates, organic–inorganic hybrid composite materials 
and associated coiled-up structures have been proposed as 

alternatives for fabricating flexible TEGs.[146,147,157–159] Never-
theless, the key challenge of the devices is to achieve sufficient 
temperature differences in physiological environments at the 
microscale.

A typical implanting configuration for TEG is to embed 
the device under the skin. So as to directly utilize the avail-
able thermal gradients. Based on the theoretical analysis, it 
is suggested that the best place for implanting a TEG is near 
the superficial skin, due to the maximum temperature dif-
ferences present. In vitro experiments of a commercial TEG 
(TEC-01706T125, 15 × 15 × 3.9 mm) on the skin surface of a 
piece of pork (80 × 80 × 80 mm) is performed. A copper sheet 
placed underneath the tissue layer is connected with a thermo-
stat water bath at 37 °C and the skin surface layer is exposed 
to the room environment to simulate the thermal status of the 
human body. The results show that the temperature gradient is 
stabilized at 0.5 K; the output voltage reaches around 3.3 mV 
before applying external cooling, where the thermal gradient 
approaches 1.1 K, and the TEG output voltage reaches 6 mV 
after the skin surface is cooled by ice. To further demonstrate 
the application of implanted TEGs for power harvesting, in vivo 
experiments are performed with rabbits (2 kg in size). A stable 
temperature gradient of 1.3 K is realized and the output voltage 
reaches 5 mV after implanting the TEG into the abdomen for 
260 s. In contrast, after the skin surface is covered with an ice 
water bag, the temperature difference and the output voltage 
increase rapidly to 5.5 K and 25 mV, respectively.[160]

5. Energy Transfer Devices Utilize Sources from 
the Surrounding Environment

5.1. Ultrasonic Energy Harvesters

Compared to the energy harvesting from the human body, 
such as organ movements and thermal gradients, energy trans-
ferred from external sources could supply stable and adaptable 
power for implantable electronics. The ultrasonic driven wire-
less charging technology is an attractive method to energize 
implanted devices due to its advantages in safety, omnidirection-
ality, higher efficiencies at larger distances, and smaller device 
size.[161,162] The wavelength of ultrasound is critical to ensure both 
the resolution and penetration depth. The ultrasonic energy har-
vester is based on vibration, or sound waves, which can operate 
through either capacitance mode or piezoelectric mode.[163–165] 
The ultrasonic energy harvesters generally utilize piezoelectric 
transducers to convert mechanical vibrations induced by acoustic 
waves into electrical power, in order to achieve a desirable power 
level for in vivo applications. In order to develop implantable 
and flexible piezoelectric ultrasonic energy harvesters (PUEH), 
associated materials in the thin-film format have been investi-
gated, including: PZT, sol–gel PZT, and epoxy for piezoelectric 
composites,[65,166–168] Cu and Au as interconnects,[65,166] PI and 
PDMS for substrates and encapsulations.[65,166,167] Conventional 
bioimplanted piezoelectric ultrasonic energy harvesters focus 
on the plate architecture because of its high theoretical acoustic 
power output. Diaphragm architecture has also been proposed to 
ensure conformal contact with the nonplanar surfaces of tissues 
and organs, generating more power than the plate architecture 
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and lowered sensitivity to changes in implantation depth and 
absorption power losses for sub-millimeter size devices.[164]

Figure 8a shows the first in vivo experiment of a neural dust 
system delivering power to mm-scale devices in the peripheral 
nervous system (PNS) of rats, recording the electroneurogram 
(ENG) from the sciatic nerve. The neural dust system con-
sists of an external ultrasonic transceiver board, a piezoelectric 
crystal, a single custom transistor and a pair of recording elec-
trodes, in which the piezocrystal converts the mechanical power 
of the transmitted external ultrasonic waves into electrical 
power for the transistor. Though the harvested power depends 
on the specifications of an external ultrasonic transducer, the 
efficiency of the neural dust when converting acoustic power 
to electrical power is about 25% on axis.[169] Further, an ultra-
sonically powered implanted microoxygen generator (IMOG) 
has been demonstrated.[170] However, both the neural dust and 
the IMOG power harvester are rigid and cannot be applied 
to soft and curvilinear surfaces. A flexible piezoelectric ultra-
sonic energy harvester capable of producing continuous power 
on both planar and curved surfaces is therefore designed and 
fabricated using PZT thin-films and wavy Cu interconnects 
encased in PDMS. The electrical power harvested is about  
40 nW. Figure 8b shows the flexible properties of ultrasonic 
energy harvesters and the in vitro experiments of the device 
on concave–convex surfaces, mimicking the implanted situa-
tions. An output peak-to-peak voltage and current more than 
2 Vpp and 4 µA is achieved. To mimic the different depth in 
the implanted tissue, different thicknesses of pork tissue 
(0–14 mm) were employed. The results show that there is no 
significant decrease in the output signals with the increased 
thickness of the inserted pork (Figure 8c).[166] All in all, although 
ultrasound is widely used for imaging at many centimeters of 
depth in the body, ultrasound energy harvesting for powering 
implantable electronics still needs to solve the significant issues 
of scattering and coupling of acoustic signals at the tissue inter-
face before it can be widely applied.

5.2. Inductive Coupling/RF Energy Harvesters

Inductive coupling systems based on the mutual induct-
ance between transmitter coils outside the body and receiver 
coils implanted in the body are widely adopted in IMDs for 

near-field wireless data transfer and energy harvesting.[4,171,172] 
As the external antenna transmits a varying electromagnetic 
signal near the skin, a voltage is generated by induction in the 
implanted receiver coils. The resonance frequency, distance, 
alignment, and mutual electromagnetic coupling between 
the transmitter and the receiver coils play a critical role in the 
energy transfer efficiency.[173–178] On the other hand, RF energy 
transfer represents far-field or midfield wireless energy har-
vesting options for implantable electronics. The stability and 
transfer efficiency depend on the field distribution of the elec-
tromagnetic waves and therefore the antenna design is critical 
to ensure preferential radiation direction alignment with the 
implantable devices. Nevertheless, heating issues, penetration 
depth, and appropriate antenna size are critical challenges to be 
overcome.[179–181]

In order to achieve miniaturized flexible inductive coupling 
or RF energy harvesting devices, an island structure of active 
electrical components, bridged with serpentine interconnects, 
or multilayer stacked structures integrated on soft substrates 
is generally adopted.[8,48,182] Biodegradable power harvesters 
can also be achieved by introducing biodegradable materials, 
including silicon nanomembranes (Si NMs) for the semicon-
ductors, dissolvable metals (Mg, Mo) for the interconnects, 
MgO and SiO2 for the dielectrics, and silk and PLGA for the 
substrates.[8,39,183]

An implanted miniaturized flexible RF power transfer 
device for wireless optogenetics is realized by connecting 
active electrical components with serpentine Ti/Au intercon-
necting thin-films embedded in a low-modulus PDMS elas-
tomer. By designing the antenna to be flexible and stretchable, 
a device area of only 3 × 3 mm is needed when it is operated at 
2.34 GHz—100 times smaller in volume and weight than those 
of conventional rigid antennas—as shown in Figure 9a. The 
mechanical stability is investigated, with the results showing 
that these devices can cycle >105 times without a detectable 
loss in optical power (Figure 9b).[8] The demonstrated system 
has the soft and stretchable features that can adapt anatomical 
shapes and natural motions, and can be used to modulate 
peripheral and spinal pain circuitry.

For biodegradable systems, a biodegradable full wave recti-
fying system, wirelessly powered by an RF transmitter and a Mg 
receiving antenna, is reported. The results show that the entire 
system initially disintegrates owing to the dissolution of the silk 
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Figure 8. Ultrasonic energy harvesters as power sources for implantable bioelectronics. a) A neural dust system in a rat. Reproduced with permis-
sion.[169] Copyright 2016, Elsevier. b) The flexible property of the ultrasonic energy harvester (left) and the in vitro experiments of the ultrasonic energy 
harvester device on concave–convex surfaces (right). c) Output voltage under different tissue thickness. Reproduced with permission.[166] Copyright 
2018, Elsevier.
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substrate followed by the other constituent materials, which dis-
solve at different rates.[183] In addition, a biodegradable and 
implantable drug delivery system with the ability to precisely 
release drugs upon external triggering by inductive coupling is 
demonstrated. Figure 9c gives the thermal image of the wirelessly 
activated device in a porcine model. It is reported that the release 
of the drug is only excited upon wireless electrical stimulus and 
no off-state leakage is visible for 24 h after implantation. The dis-
solution of the device begins from the interconnect parts after it 
is immersed in PBS (pH 7.4) at 37 °C for 1 week.[184] Moreover, a 
fully degradable, remotely controlled and implantable therapeutic 
device activated by inductive coupling is demonstrated. The in vivo 
experiments suggest that the device is fully degraded, with no vis-
ible residue, in 15 days, as presented in Figure 9d.[185]

Furthermore, a bioresorbable, implantable wireless stimu-
lator, powered by a power harvester based on inductive cou-
pling, for the peripheral nervous system is successfully created. 
Figure 9e presents the device structure and the surgical proce-
dure of implanting the cuff to the sciatic nerve and implanting 
the inductive coupling harvester to subcutaneous tissue. The 
harvester consists of a loop antenna (Mg film), a dielectric 
interlayer (PLGA), a diode, and a capacitor. The results show 
that the output voltage can reach 100–300 mV at a distance 
of up to 80 mm. Testing of nerve repair shows that electrical 

stimulation, activated by the biodegradable inductive coupling 
system, may supply an enhanced rate of axonal regeneration 
and reduce the time for muscle reinnervation. The dissolution 
of the bioresorbable wireless stimulator after immersion for 
different time periods in PBS at 37 °C is shown in Figure 9f. 
The results illustrate that all the constituent materials com-
pletely disappear within 25 days.[32]

5.3. Photovoltaic Devices

Photovoltaics (PV) operating via a process of converting light 
directly into electricity using semiconductors. With years of 
effort, PV cells (or solar cells) have reached high photoconver-
sion efficiency: over 26% for single junction silicon cells,[186] 
giving them a wide range of applications, even serving as 
implantable energy harvesters in biomedical systems. Being dif-
ferent from the conventional PV cells that operate in ambient 
and collect light energy without any optical block under 
normal circumstances, the implanted subcutaneous PV cells 
are enfolded in biological tissues, such as skins, fats, muscles 
and so forth. Nevertheless, the biological tissues still provide 
a means of photoelectric conversion with two optical trans-
parency windows in the near-infrared (NIR) spectral region, 
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Figure 9. Conductive coupling/RF energy harvesters as power sources for implantable bioelectronics. a) An implanted flexible RF power transfer 
system. b) Optical output performance under the cyclical application of strain. Reproduced with permission.[8] Copyright 2015, Springer Nature. c) The 
thermal images of the wirelessly activated device in a porcine. Reproduced with permission.[184] Copyright 2015, Springer Nature. d) Devices examined 
after 15 days of implantation. Reproduced with permission.[185] Copyright 2014, National Academy of Sciences. e) Device structure and the surgical 
procedure of implanting the neural cuff to the sciatic nerve. f) The dissolution process of the bioresorbable wireless stimulator at various stages in 
PBS at 37° C. Reproduced with permission.[32] Copyright 2018, Springer Nature.
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650–950 and 1000–1350 nm, respectively.[187,188] Furthermore, 
the PV cells hold efficient photoconversion in the NIR region 
with external quantum efficiency (EQE) approaching 100%, 
which is utilized in many high power conversion efficiency 
solar cells.[189] Based on this, PV cell energy harvesters applied 
to implantable biomedical electronics have attracted consider-
able interest during the past decades.

After the first demonstration of a photovoltaic wireless power 
supply for implanted cardiac pacemaker by Murakawa et al.,[190] 
extensive studies have been carried out on the potential 
exploitation of PV cells as wireless power solutions for implant-
able bioelectronics, including neural devices, retinal prosthesis, 
etc.[191,192] A modified battery-less pacemaker (30 × 35 × 6 mm) 
powered by solar modules (three monocrystalline silicon solar 
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Figure 10. PV systems as power sources for implantable bioelectronics. a) Images of a PV cell-driven pacemaker (left) and subcutaneous implanta-
tion in pig (right). Reproduced with permission.[193] Copyright 2015, Elsevier. b) Surgical procedure to implant a PV device under the back skin of 
a hairless mouse (top), and a live hairless mouse model after implanted a PV device (bottom). Reproduced with permission.[194] Copyright 2016, 
Wiley-VCH. c) Various stages of the dissolution of a thin a-Si:H solar cell. Reproduced with permission.[42] Copyright 2015, American Chemical Society. 
d) Application of PV cells in rats and the accelerated dissolution test of a bioresorbable PV array in PBS solution. Reproduced with permission.[195] 
Copyright 2018, Wiley-VCH.
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cells connected in series) has been recently demonstrated by 
Haeberlin et al.,[193] as shown in Figure 10a. The solar mod-
ules continue to yield an output power of about 6700 µW cm−2, 
with an implantation depth of 2.4 mm in the right lateral neck 
of a pig (Figure 10a, right). Song and co-workers presented 
a flexible, implantable, and ultrathin gallium indium phos-
phide (GaInP)/gallium arsenide (GaAs)-based dual-junction 
PV devices, which could harvest high level of energy in vivo 
(Figure 10b).[194] The PV cell arrays generated a short-circuit 
current density (Jsc) of 2.6 mA cm−2 and an open-circuit voltage 
(Voc) value of 4.5 V under the skin of a hairless mouse under 
standard test conditions (AM1.5G, 100 mW cm−2).

It is of note that the PV cell-based power supply systems 
introduced above are not biodegradable, so that their applica-
tions are limited in bioresorbable transient electronics, which 
are only suitable for temporary biological procedures, such as 
wound healing, nerve stimulation, and medical sensing, and 
then completely disappear via resorption by the body. Since 
silicon has been proved as the predominant biodegradable 
semiconductor material,[39] the fully biodegradable PV cell 
energy harvesters based on silicon membranes have been 
investigated.

Kang et al. have reported a fully degradable amorphous 
silicon (a-Si) transient thin-film solar cell, and the dissolution 
process at various stages of a thin film a-Si:H solar cell is given 
in Figure 10c.[42] The electrode layers consisting of ZnO and 
Mg, which dissolve in hours, followed by the complete dis-
solution of the a-Si films within several days due to their dif-
ferent hydrolytic properties. The first fully biodegradable sil-
icon solar cells implemented in vivo have been studied by Lu 
et al.[195] The fabricated PV cell arrays generate 64.4 µW and 
have a Voc value of 4.25 V when covered with both skin and fat, 
under an optical power density of 200 mW cm−2 from the NIR 
(780 nm) light-emitting diode (LED) (Figure 10d). In order to 
analyze their biodegradable properties, accelerated dissolution 
tests have been conducted after the PV cell arrays are inte-
grated into a biodegradable poly(lactic-co-glycolicacid) (PLGA) 
substrate. The results show that the whole PV system mostly 

degrades by hydrolysis after 27 days. Finally, the researchers 
verify the feasibility of the PV cells system as a fully biode-
gradable, bioresorbable, and implantable power supply system 
in vivo. All of the results offer a promising solution for the 
challenges of in vivo power supply for bioresorbable electronic 
implants.

In short, flexible or biodegradable photovoltaic devices of 
the order of several hundreds of microns for implantable elec-
tronics have been achieved, however, the implantation regions 
are limited to a few millimeters of depth in the body due to the 
scattering and absorption of the light source as well as potential 
tissue heating problems.

6. Conclusions and Research Outlook

Recent developments in nonconventional miniaturized, flex-
ible, or biodegradable power devices for implantable bioelec-
tronics have been reviewed. Advances in materials chemistry 
(intrinsically soft, biodegradable, or composite materials) and 
device architectures (1D nanowires, thin film membranes or 
island-bridge structures, etc.) are essential in reformulating 
conventional power devices and achieving novel biocom-
patible systems that can better adapt to the curvilinear and 
soft nature of biological organisms, as well as bioresorbable 
capability for targeting temporary usage. Flexible and bio-
degradable batteries are of great interest, due to their high 
energy densities and easy deployment. Miniaturization and 
operational lifetime remain a challenge for employment 
of minimally invasive longer-term applications. Superca-
pacitors have fast charge/discharge rates but lower energy 
densities, and can complement other energy harvesting 
methods. Biofuel cells that utilize electrochemical energy 
of biochemicals inside the body could potentially offer suf-
ficient capacity, provided biofuels are continuously available; 
however, flexible or bioresorbable systems with sufficient 
power density and stability are yet to be developed. A variety 
of novel soft and biodegradable piezoelectric or triboelectric 

Table 2. The advantages and disadvantages of different types of power devices.

Categories Advantages Disadvantages

Batteries High energy density, cyclic stability, easy deployment Large size, limited lifetime

Supercapacitors Fast charge/discharge rates, high cycle lifetime, high 

power density

Low energy density

Biofuel cells Abundant fuels in the body, good biocompatibility Limited service life, low output power

Devices utilize biopotentials Existing in the human body Low output power

Piezoelectric harvesters High output voltage, simple structure Large size, biocompatibility issues of PZT, Limited 

implantable locations

Triboelectric devices High output voltage, simple structure Large size, limited implantable locations

Thermoelectric devices Long-term energy supply Low output power, low thermal gradient, limited 

implantable locations

Ultrasonic energy harvesters Long-term energy supply, high efficiency Low output power, orientation and coupling issues of 

acoustic signals

Inductive coupling/RF harvesters Long-term energy supply, high output power Large size, limited implantable depth, potential heating 

issues

Photovoltaic devices Long-term energy supply, high output power Large size, limited implantation depth
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devices that harvest the mechanical energy inside the body 
have been proposed, and could potentially be used in certain 
locations, such as the heart, to continuously power microde-
vices, although further reduction in size would be desirable. 
On the other hand, progress in harvesting energy by ther-
moelectric generator is impeded by the limited availability 
of temperature gradients in physiological conditions, and the 
need for further investigation into biocompatible thermoe-
lectric materials and associated novel structures. Harvesting 
biopotential readily available in the human body represents 
another interesting area to be explored. Energy transfer 
through inductive coupling, RF magnetic waves, infrared 
light or ultrasound promises longer-term energy supply with 
high power density in a controlled manner, which could be 
attractive in deploying personalized medicine that requires 
frequent interaction of medical staff with both the implanted 
device and the patient. However, due to tissue absorption 
and scattering, as well as several pertinent safety issues,  
these methods are only applicable to a certain depth,  
and emerging flexible and bioresorbable systems with 
smaller size still require further development. The compar-
ison of different types of power devices are summarized in 
Table 2.

Overall, innovative reformulation schemes of established 
materials in parallel with development of new active mate-
rials are equally important to achieve future advanced power 
devices by leveraging the existing manufacturing technolo-
gies for near term clinical translation. Soft or biodegradable 
encapsulation materials represent another important type 
of materials critical to ensure robust performance and suf-
ficient lifetime of the devices, as penetration of biofluids 
and/or oxygen could significant deteriorate the performance 
of power devices, which recently has attracted significant aca-
demic attention. Integration of materials promoting device/
tissue affinity of implantable power devices would be crit-
ical to minimize potential irritations and the foreign body 
responses. Involvement of novel stimuli-responsive mate-
rials could endow power devices with smarter functions and 
allow interactions with the implanted systems in more versa-
tile modes through external stimuli. Further miniaturization 
of power devices sets the limiting factor of the total size of 
the bioelectronics platforms, and devices with sizes as small 
as 100 µm could ensure minimally invasive or even inject-
able implantation. Although the trade-off between device size 
and operational characteristics remains a critical challenge, 
the development of future ultralow power implantable bio-
electronics may help to relax the pressure for continual size  
reduction of power devices to a certain extent. Future 
emerging power devices are moving toward the scale of a few 
hundred of microns, with increased biocompatible features 
(flexible, stretchable, and even biodegradable), that can deliver 
sufficient continuous power supply in a controlled manner 
are the ultimate goal for implantable electronics. Although 
it remains a great challenge to find a universal solution that 
addresses the power issue of implanted bioelectronics in all 
the regions of the human body, advances that combine var-
ious power options would enable multifunctional platforms 
for versatile and novel diagnostic and therapeutic systems that 
can potentially improve human healthcare.
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