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12.1 Introduction

As an emerging manufacturing technique, the “transfer printing” method provides
opportunities for the integration of brittle inorganic electronic materials and organic
flexible/stretchable substrates. Transfer printing processes provide versatile routes to
high-performance, heterogeneously integrated functional systems, including those in
flexible electronics, three-dimensional (3D) and/or curvilinear optoelectronics, and
biointegrated sensing and therapeutic devices (Carlson et al., 2012). This method can
integrate brittle inorganic electronic materials and devices onto nearly any type of sub-
strate including but not limited to rubber, plastic, and fabric (Khang et al., 2006). The
most appealing feature of this approach is that the majority of the manufacturing pro-
cess involves conventional fabrication technology, which already has a mature, estab-
lished commercial infrastructure, thereby accelerating time toward commercialization
and practical applications (Rogers et al., 2016).

Recent advances in material sciences and microfabrication technologies have
enabled the creation of flexible and stretchable inorganic electronics, which are fabri-
cated based on microfabrication including film deposition, lithography, and most
importantly transfer printing technology (Chen et al., 2020). The performance of flex-
ible electronic devices is almost the same as that of their conventional counterparts,
which is attributed to the fact that transfer printing is relatively benign, and it con-
serves the performance metrics of the source materials. This not only preserves the
high-performance characteristics but also makes the devices flexible or stretchable
depending on the material of the target substrate. Compared with traditional Si-based
electronics, flexible inorganic electronics offer several advantages: they are soft,
deformable, foldable, lightweight, portable, and can be manufactured using less expen-
sive methods (Mostafalu et al., 2016). These unique characteristics make them excel-
lent for applications that require smaller footprints or possess surfaces with curvilinear
and irregular morphology. Flexible electronics can be bent, twisted, and wrapped
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around irregularly shaped objects without losing their functionalities, which provides
an array of opportunities for application in the biomedical field, such as controlling
disease conditions, improving surgical procedures, continuous health monitoring, and
so on. The electronic devices, which are transferred onto the flexible substrate, can
conformal to the curved biotissue surface and dynamically adapt to the tissue’s defor-
mation, the signal-to-noise ratio (SNR) and spatial resolution have been much
improved compared with the conventional counterparts. One of the promising appli-
cations of flexible electronics that could not be addressed with conventional technol-
ogy includes advanced wireless biomedical devices, especially implantable and
wearable medical electronics. We can collect, and analysis of biological signals related
to the physiological health status by wrapping (or implanting into) the brain with
them or putting them on the skin to achieve an intimate interface with the body.

In the past decade, flexible inorganic electronics have received and continuously
attracted attention from academia and industry due to their wide potential applications
in the biomedical area. Many emerging bioelectronics systems have become increasingly
popular due to exciting characteristics, such as wearable electronics, flexible
implantable electronics, electronic tattoos, and electronic skin. With the rapid develop-
ment of flexible electronics, the transfer printing technique has also been greatly
improved, including the range of materials for patterning the and scope of applications
enabled. At present, transfer printing has developed into a sophisticated approach to
materials assembly and device fabrication creates opportunities for a wide range of device
platforms over conventional manufacturing or growth techniques. Transfer printing has
broad substrate applicability and materials versatility. Essentially any class of material or
device can be integrated onto the foreign substrate using transfer printing-based fabrica-
tion schemes: from two-dimensional (2D) materials (carbon nanotubes, graphene,
Maxene, etc.) high-performance hard materials (metals, oxide thin films, single-crystal-
line/noncrystalline inorganic semiconductors, etc.), to biomaterials (DNA, protein,
viruses, cell, etc.), to fully integrated device structures [thin film transistors (TFTs), light
emitting diodes (LEDs), photodetector (PD), complementary metal oxide semiconductor
(CMOS) circuits, sensing arrays, solar cells, energy-harvesting devices, etc.]. Additionally,
transfer printing enables the cointegration of dissimilar materials: single-crystalline mate-
rials with various lattice constants and noncrystalline materials; those with high and low
thermal stability; those with high and low moduli, and so on (Yoon et al., 2015).

In this chapter, we introduce the recent advance in heterogeneously integrated
materials and integrated inorganic devices for biomedical applications. The first part of
the chapter describes materials including metals, oxides, silicon, wide bandgap semi-
conductors, 2D materials, and biomaterials. The second part of the chapter describes
functional devices including LEDs, PD, energy-harvesting devices, and bioresorbable
materials and devices. This chapter introduces different fabrication methods for flexible
bioelectronics and discusses their working mechanism.
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12.2 Materials

12.2.1 Metals
Metal materials have been in use as biomaterials for a long time due to their excellent
yield strength and biocompatibility. In recent years, with the development of transfer
printing technology, metal materials are also widely integrated with flexible substrates
to form flexible bioelectronic devices, which have unique performance over traditional
brittle metal devices. Metal materials are considered superior candidates for preparing
electrodes, electrical interconnection wires, antennas, and stress-sensor due to excellent
conductivity, electrical stability, and mature preparation technology. Metal films can
be transferred onto flexible substrates to get bendable, stretchable, twistable electrodes
or antenna structures for electrical stimulation, electrophysiological signal collection, or
wireless transmission.

Flexible electrodes provide a perfect contact interface for electrophysiological mon-
itoring. The Au film is chosen as the electrode material in most flexible electronics for
its biocompatibility, chemical inertness, as well as ductility. As shown in Fig. 12.1A,
left photo, a stretchable neural electrocorticography (ECoG) electrode array, which
consists of nine channels with a three-layered serpentine-like interconnect structure, is
fabricated by transferring Au conductive layer onto the polydimethylsiloxane (PDMS)
substrate (Yan et al., 2017). The transferred Au conductive layer includes three parts:
the output part, the serpentine interconnector, and signal collection. Nine small cir-
cles, serving as signal collect parts, are connected to the output part (nine parallel
square pads to connect to the ECoG recorder) via the serpentine interconnectors. To
improve the mechanical stability of the ECoG electrode array during deformation, the
Au conductive layer is located at the neutral mechanical plane of the two PI films.
The ability of the stretchable electrode array to conform to different curved surfaces is
confirmed by the experiment. The right figure shows an optical image of a stretchable
neural electrode array placed on the visual cortical surface of the left hemisphere of a
rat. The surgeries in a rat have demonstrated that the stretchable electrode array main-
tained perfect contact against the curved surface of the brain in the rat, and high-
quality ECoG signals from anesthetized rats are collected. The application of the
stretchable electrode array on the detection of steady-state visual evoked potentials
(SSVEPs) response has also been demonstrated by in vivo experiments, the results indi-
cated that SSVEP responses recorded by the stretchable neural electrode array are
more obvious than those detected by traditional stainless-steel screw electrodes (Yan
et al., 2017). In addition, Au film can also be integrated with the ultra-thin flexible
substrate to get epidermal electronic systems (EESs), which are ultra-thin and ultra-soft
electronics, sensors, and actuators, whose physical properties (modulus, thickness, and
areal mass density) match well with those of human epidermis (Kim et al., 2011;
Wang et al., 2018; Yeo et al., 2013). Fig. 12.1B shows a representative EES based on
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Figure 12.1 Metal materials: (A) Transfer Au film onto elastomer substrate for in vivo ECoG mea-
surement (Left: exploded view schematic diagram of the electrode array layout; Right: Optical
image of a neural electrode array placed on the visual cortical surface of the left hemisphere of a
rat). (B) The electronic tattoo sensors based on transferred Au film (Left: image of an epidermal
electronic systems (EES) on skin; Right: colorized SEM image of an EESs mounted on the skin rep-
lica). (C) A 3D twining electrode by integrating stretchable mesh serpentine Au wires onto a flexible
shape memory substrate (Upper and middle: the exploded view and optical image of the twining
electrode; Bottom: the image of an implanted twining electrode). (D) Transfer Cu/Au microelectrode
array onto the optical fibers for implantable neurological stimulation and monitoring (Left: the
exploded view of the device; Right: a rat implanted with the device). (E) The wearable compliant
antennas based on transferred Cu films (Upper: illustration showing multilayered structures for the
antenna; Bottom: direct integration of an antenna on the wrist). (F) The transfer printing method of
liquid metal for 3D wiring in flexible electronics (Left and middle: liquid-metal on planar and wavy
soft substrates; Right: the liquid-metal stress-sensor and Resistance-Force curve). (A) Reproduced
with permission; Copyright r 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; (B) Reproduced with permission; Copyright r 2013 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; (C) Reproduced with permission; Copyright r 2019 The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science; (D) Reproduced with permis-
sion; Copyright r 2020 Wiley-VCH GmbH; (E) Reproduced with permission; Copyright r 2020,
American Chemical Society); (F) Reproduced with permission; Copyright r 2020, American Chemical
Society.



transferred Au film for monitoring electrophysiological signals (Yeo et al., 2013). The
EES consists of an interconnected collection of thin, filamentary serpentine conductive
traces and electrophysiological sensors, all in an open mesh layout with exposed metal
(Au) that contacts the skin directly. The total thickness of the EES is only approxi-
mately 0.8 μm, in its thickest region. The top and bottom layers of PI (each 0.3 μm
thick) placed the Au-based active sensing components in the neutral mechanical plane.
Such designs provide the EES with extremely low effective elastic moduli and large
deformability. These characters allow the EES to follow the contoured surfaces and
time-dynamic motions of the skin in a natural way, which can minimize interfacial
slippage and as a result, motion artifacts. Putting the EES on the skin can get confor-
mal contact and adequate adhesion based on van der Waals interactions alone, in a
manner that is without mechanical constraints for the user. As shown in Fig. 12.1B,
right, the EES layout follows the topography of the skin including the deepest creases
and pits. This conformal coverage on the skin not only seriously improves the
mechanical robustness of integration, but also enlarges the contact area between the
EES and the skin, which can minimize contact impedances and enables precision mea-
surements for the case of electrophysiological.

Au film can also be integrated with new smart materials by transfer printing
method and get exciting performance. Zhang et al. develop a 3D twining electrode
for peripheral nerve stimulation and recording, which are fabricated by integrating
stretchable mesh serpentine wires (Au) onto a flexible shape memory substrate (Zhang,
Zheng, et al., 2019). The key substrate materials are shape memory polymers (SMPs),
which have the dual-shape capability and can change their shape in a predefined way
from shape A to shape B when exposed to an appropriate stimulus (Behl & Lendlein,
2007). Based on this feature, a 3D electronic system can be fabricated by traditional
2D planar processing and transfer printing technology. The layout of the 3D twining
electrode is shown in Fig. 12.1C. The thermo-responsive SMP with a transition tem-
perature of approximately 37�C is chosen to be the substrate. Au film with mesh ser-
pentine structure is transferred onto the SMP substrate. After the transfer printing
process, heating up and deforming the initial 2D planar assembly leads to the reconfig-
uration of the permanent shape to the desired 3D helical shape to match the 3D
peripheral nerves. Before surgical implantation, the twining electrodes are temporarily
flattened to a 2D planar state. Driven by 37�C, the temporarily flattened electrode can
automatically climb onto the nerve to restore its permanent spiral structure and form
3D flexible neural interfaces. Conformal contact can lead to lower interfacial imped-
ance, and stimulation efficiency and the recorded SNR will be improved.
Additionally, no additional surgical fixation is required in the whole installation pro-
cess, which can greatly reduce the nerve injury associated with the mechanical and
geometrical mismatches and the surgical implantation. This twining electrode has great
potential in both clinical practice and basic neuroscience research.
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Transfer printing technology can integrate functional materials and devices onto
nearly any type of substrate with different material properties and different surfaces.
Compared with traditional electronics manufacturing techniques, the Transfer printing
method makes it easy for electronics to be integrated onto complex 3D surfaces,
which will greatly expand the functions and applications of electronic devices. As
shown in Fig. 12.1D (Yu et al., 2021). A multichannel flexible optoelectronic fiber,
which consists of flexible fibers and Cu/Au microelectrode array, is reported for
implantable neurological stimulation and monitoring. The Cu/Au microelectrode
array located at the neutral mechanical plane of the two PI films is transferred and
printed onto the curved surface of the optical fibers by elastomer stamps and gets con-
formal contact with the optical fiber. The flexible optoelectronic fiber device offers
multiple stimulations and sensing channels, allowing optical stimulation in selective
wavelengths guided by the optical fibers while conducting distributed, high-
throughput biopotential sensing using the flexible microelectrode arrays. Animal
experiments have confirmed the capability of the optoelectronic fiber to conduct
closed-loop neuromodulation. Using the same transfer printing method, various flexi-
ble electronic devices with complex functions can be integrated with optical fibers,
and optoelectronic fibers with more advanced and sophisticated functions can be fabri-
cated in the future.

In the biomedical field, metal materials are not only used as electrodes but also
ideal materials for fabricating antennas due to their excellent conductivity. Antennas
play an important role in wireless communication and remote sensing. There are huge
demands for various types of antennas for bioelectronics, the internet of things, and
smart healthcare. Flexible antennas have been considered a feasible solution for emerg-
ing on- and intra-body wearable bioelectronics to establish remote data transfer.
Fig. 12.1E shows a stretchable dipole antenna fabricated by transfer printing technol-
ogy (Kim et al., 2020). The key functional component is Cu film with 2D serpentine
patterns, which is transferred onto elastomer substrates. The stretchable dipole antenna
shows highly compliant mechanical characteristics and has a conformal coverage on
challenging locations, such as wrists, elbows, and knees. Benefiting from excellent
mechanical stretchability and low effective moduli, the dipole antenna on the wrist
(bottom photo) shows no delamination with repetitive flexion. The electromagnetic
properties of the stretchable antennas are characterized by both simulation and experi-
ment to verify the stable functionalities of the antenna even in the stretched state.
These stretchable antennas can be integrated with various wearable devices for long-
range wireless data communication.

Liquid metal is a liquid-state metallic material with a low melting point at or around
room temperature. Liquid metal is investigated as a highly desirable candidate in biosen-
sors due to its high electrical conductivity, low toxicity, and superior fluidity. The liquid
metal can achieve stable electrical signal transmission under deformation of approximately
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700% (Zhang, Wang, et al., 2020). Additionally, their self-healing quality enables liquid
metal with stronger durability and robustness which are essential for biosensors. As illus-
trated in Fig. 12.1F, A liquid�metal honeycomb circuit is fabricated on soft paper, and
then transferred onto Ecoflex substrates with planar (left) and wavy surface (middle)
(Zhao et al., 2020). The liquid�metal circuit on Ecoflex substrates possesses high stability
and good conductivity. A piezoresistive stress sensor is fabricated by transferring a liquid
metal circuit onto a flexible model with an uneven surface (spherical) to form a confor-
mal 3D circuit (right), which benefits from the cross-section of liquid metal lines can be
reduced when pressed leading to a rise in resistance. The resistance-force curve shows a
good relationship between resistance and stress.

12.2.2 Oxides
The broad spectrum of physical and chemical properties in oxide materials has
attracted intensive research interest in recent years. Various solid-state oxide materials
have been investigated for flexible bioelectronics, such as VO2, TiO2, MgO, ZnO,
SiO2, and so on. Most high-performance oxide materials are prepared at high tem-
peratures, which is incompatible with the flexible substrate. Fortunately, transfer print-
ing technology can solve this problem, and then emerging various flexible electronics
based on oxides (Fig. 12.2).

Vanadium dioxide (VO2)-based flexible breath sensor is reported, which can con-
formal coverage on the skin under different curvatures and temperatures through day
and night (shown in Fig. 12.2A) (Liao et al., 2017). VO2 film is fabricated on SiO2/Si
substrate, and then transferred onto PI substrate and encapsulated with PDMS. This
structure enables the sensor with robust electrical characteristics for body movements.
The PDMS layer facilitated nonirritation skin bonding, and the PI layer enable isola-
tion of the VO2 material from applied tensile strain introduced from body movements.
The breath sensor shows high sensitivity and ultrafast response time benefits from the
high-temperature coefficient of resistance of VO2 film. The results of real-time breath
monitoring demonstrated that the VO2-based flexible breath sensor is feasible for the
flexible sensitive device in the apnea detection field.

Titanium dioxide (TiO2) has remarkable properties involving chemical stability, negli-
gible protein denaturation, and biocompatibility, and is an excellent candidate for biosen-
sing. Lee et al. report a technology that can transfer electrospinning TiO2 nanofibers to
any target surface using a thin PDMS adhesive layer. Fig. 12.2B shows the TiO2-based
sensor for protein detection from whole blood (Lee et al., 2015). The sensor is fabricated
by integrating TiO2 nanofibers with a PC disk and affords a significant improvement in
sensitivity with a broad dynamic range. The detection limits are approximately 300-fold
lower than the conventional detection technique. With this transfer-printing technology,
we can fully utilize the excellent properties of TiO2 in flexible bioelectronics.
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Figure 12.2 Oxides. (A) The flexible breath sensor based on vanadium dioxide (Left: the photo-
graph of the VO2 film-based breath sensor; Right: the resistance change of breath sensor during
exhaling and inhaling). (B) Transferred TiO2-nanofibers for protein detection from whole blood.

(Continued )
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Memristors have been considered promising candidates for next-generation memory
and neuromorphic computing due to their remarkable advantages, such as simple struc-
ture, fast switching speed, and high energy efficiency. Cao et al. report Mg/MgO-based
memristors with remarkable threshold switching behaviors and fully dissolvable charac-
teristics and named physically transient memristors (Cao et al., 2022). Memristors are
fabricated on a silicon substrate and then transferred onto the biocompatible and biode-
gradable PVA substrate to acquire the fully transient system. Memristor devices demon-
strated the critical synaptic functions including paired-pulse facilitation, paired-pulse
depression, and the transition from short-term to long-term plasticity. These functions
can be attributed to the drift and diffusion of Mg21 ions in the MgO resistive switching
layer. Memristor could be degraded and dissolved in deionized water at room tempera-
ture, showing transient behaviors. We can conclude that physically transient memristors
can be potentially applied in biodegradable or biointegrated neuromorphic computing
systems, secure electronic devices, and green electronics.

A thin-film transistor (TFT) as a special type of field-effect transistor (FET) is thin
relative to the conventional bulk metal oxide field effect transistor, which makes TFT to
be an ideal candidate for fabricating flexible electronics. The fabrication of TFTs on flex-
ible substrates is a key technique to realizing flexible electronics. It has attracted intensive
research interest in recent years to fabricate TFT by using a-IGZO (amorphous indium-
gallium-zinc oxide) as the key semiconductor. Compared to traditional amorphous sili-
con (a-Si), a-IGZO offers several attractive properties including optical transparency,
high mobility, low-temperature deposition, and operational stability. Fig. 12.2C shows a
schematic illustration of a-IGZO TFT and circuits formed on a Si wafer with a sacrificial
Ni film (Jin et al., 2015). The a-IGZO TFT can be picked up by immersion in water
and then transferred onto a flexible substrate for obtaining the flexible TFT. The electri-
cal performances of flexible TFT, including field effect mobilities, on/off ratios, sub-
threshold slopes, and Ohmic contact properties, are all comparable to otherwise similar
devices constructed in conventional ways. These characters show application possibilities
in bioelectronics. Additionally, compared with synthetic polymers, biopolymers have
ideal biocompatibility and similar mechanical properties to biotissue and are attractive
bioelectronics substrate candidates. Collagen is one of the most extensively studied bio-
polymers. Collagen is an important component of the extracellular matrix and is found

�

(C) Thin film transistors and circuits based on amorphous indium2gallium2 zinc oxide. (D) Fabricate
the Zinc Oxide transistors on mammalian collagen. (E) Transferred silicon dioxide layers as biofluid
barriers for biointegrated flexible electronic systems. (A) Reproduced with permission; Copyright r
2007 IOP Publishing, Ltd; (B) Reproduced with permission; Copyright r 2015 The Royal Society of
Chemistry Reproduced with permission; (C) Reproduced with permission; Copyright r 2015, American
Chemical Society; (D) Reproduced with permission; Copyright r 2020 WILEY-VCH Verlag GmbH & Co.
KgaA, Weinheim; (E) Copyright r 2016 National Academy of Sciences.
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in all tissues, particularly in connective tissues such as skin, tendons, corneas, and bone.
However, denaturation temperature and swelling in water/vacuum have been funda-
mental barriers to the electronic fabrication of collagen. These problems can be avoided
by transfer printing technology. As shown in Fig. 12.2D, flexible ZnO-based TFTs are
fabricated on a carrier wafer (Si) using a sacrificial layer of germanium oxide and then
transferred onto collagen (Moreno et al., 2020). The mobility and threshold voltage of
the TFT on collagen shows only � 41% and � 22% drop compared to the ones on a
rigid silicon substrate, which can be attributed to stresses experienced during the transfer,
which may affect the gate/dielectric interface. These changes can be further reduced by
optimizing the transfer process. Due to their high degree of biocompatibility, TFTs can
be used for long-term implants.

Encapsulation materials are essential to the development of bioelectronics, espe-
cially for chronic electron implants. The encapsulation schemes for conventional elec-
tronic implants rely on thick (millimeter-scale), rigid enclosures constructed using
bulk metal or ceramic parts, which is incompatible with the types of flexible bioelec-
tronics. A challenge is in the development of materials that can serve as long-lived,
perfect barriers to biofluids. This material should encapsulate the entire surfaces of the
electronics, to prevent biofluid penetration across any exposed interfaces. Meanwhile,
an encapsulation scheme is required to form high-quality sensing/actuating interfaces
and compliant mechanical interfaces. Fig. 12.2E illustrates an encapsulation scheme:
ultrathin, transferred layers of thermally grown silicon dioxide are used as biofluid
barriers for flexible bioelectronic (Fang et al., 2016). The process begins with the
thermal oxidation of a silicon wafer to form an ultrathin SiO2 layer, and then high-
quality functional electronics can be fabricated on this layer of oxide. The transfer
process consists of bonding the top surface of this substrate onto a temporary support-
ing substrate. The silicon is removed by dry etching in a way that terminates at the
bottom surface of the SiO2. Peeling the device from the temporary support and yield
a piece of flexible electronics encapsulated across its entire front surface with a layer
of thermal SiO2 as a barrier to biofluids. Similar growth and transfer processes can
deliver a layer of SiO2 to the bottom of the flexible substrate to prevent biofluid pen-
etration from the back side. Accelerated lifetime tests suggest robust barrier character-
istics on timescales that approach many decades, in layers that are sufficiently thin (less
than 1 μm) to provide the compliant mechanical interface. Additionally, the bilayer
barrier can offer more excellent capabilities to prevent water and ion permeation,
such as HfO2/SiO2 barrier. Song et al. report that a 100/100-nm-thick bilayer of
HfO2/SiO2 barrier has a lifetime � 10 times longer than that of an isolated 100-nm-
thick layer of thermal SiO2 barrier. A bilayer of HfO2 /SiO2 barrier offers a projected
lifetime of over 40 years at 37�C PBS (pH of 7.4) due to the enhanced ion-barrier
properties, which shows the potential advantages for wide applications in chronic
biointegrated devices.
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12.2.3 Silicon
As a very important semiconductor material, Silicon (Si) plays a crucial role in our
everyday lives. Silicon has broad applications in both electronic and photonic technol-
ogies and can be found in almost all electronic devices, including but not limited to
laptops, smartphones, tablets, microwaves, and bioelectronics. The present microelec-
tronics technology is based on silicon materials. They are also expected to play a more
significant role in the next generation, such as flexible electronics. For conventional
semiconductor materials and devices, there is a tradeoff between device performance
and growth temperature, which is unreal for fabricating inorganic semiconductor
materials on a flexible substrate due to poor thermo-chemical stability. The realization
of electronics with performance equal to established technologies that use rigid semi-
conductor wafers, but in lightweight, foldable, and stretchable formats would enable
many new applications (Fig. 12.3).

Various Si-based sensors are manufactured and integrated with flexible substrates,
which have potential applications in the biomedical field. Kim et al. report an EES
(Kim et al., 2011), which is achieve thicknesses, effective elastic moduli, bending stiff-
nesses, and areal mass densities matched to the epidermis, and thus is mechanically
invisible to the user. By transferring printing technology, several classes of Si-based
devices are integrated onto tattoo paper including Silicon MOSFET, silicon feedback
resistor, Si solar cells, Si-based strain gauges, and Si PIN diode. EES is integrated with
a collection of multifunctional sensors (such as temperature, strain, and electrophysio-
logical), active/passive circuit elements (such as transistors, diodes, and resistors), wire-
less power coils, and devices for radio frequency (RF) communications (such as high-
frequency inductors, capacitors, oscillators, and antennae). A key capability of EES is
in monitoring electrical activity produced by the heart, brain, and skeletal muscles. As
shown in Fig. 12.3A (Kim et al., 2011), the skin deforms freely and reversibly, without
any apparent constraints in motion due to the EES. ECG recordings from the chest
and EMG measured on the leg reveal high-quality signals. The measurements agree
remarkably well with signals simultaneously collected using commercial, bulk tin elec-
trodes, that require conductive gels, mounted with tapes at the same location. EES has
potential applications in the biomedical field including physiological status monitoring,
wound measurement/treatment, biological/chemical sensing, human-machine inter-
faces, covert communications, and others. Shin et al. report an optical pressure and
temperature sensor that uses a Fabry-Pérotinterferometer (FPI) design (Shin et al.,
2019). Fig. 12.3B upper photo shows a schematic illustration of an FPI pressure and
temperature sensor composed of a thermally grown silicon dioxide (t-SiO2) encapsula-
tion layer, silicon nanomembranes (Si NMs), amorphous silica adhesion layer, and a
slab of silicon with a square cavity. The layers of t-SiO2 and Si NM serve as pressure-
sensitive diaphragms that seal an air chamber formed by bonding with a silicon slab
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with a cavity. Optical fibers connected to a tunable laser and PD couple light in and
out of the device to enable measurement of pressure and temperature via changes in
measured reflection spectra. Sensors rely on pressure-induced deflections of Si NM
diaphragms and the resulting changes in the thickness of an air cavity, which cause
shifts in resonant peak positions in the reflection spectra. In vivo monitoring of intra-
cranial pressure (ICP) and intracranial temperature (ICT) in rats demonstrates the
potential clinical utility of these systems.

The transistor is the basic semiconductor device which uses for regulating the cur-
rent and voltage in small electronic circuits. Transistors represent the fundamental
device building blocks for microelectronics and are used in a wide variety of electronic
devices. TFTs are well-compatible with flexible electronic systems due to compliant
mechanical characteristics. As the most common active thin film devices, TFTs are sig-
nificant building blocks for flexible platforms. Conventional Si-based TFTs are widely
used in microelectronics. Flexible Si-based TFTs have been investigated for various
amazing and unique applications. Viventi et al. report a class of mechanically flexible
silicon electronics composed of 2016 silicon nanomembrane transistors for multiplexed
measurement of signals in an intimate, conformal integrated mode on the dynamic,
3D surfaces of living biological tissues (Viventi et al., 2010). Benefiting from transfer
printing technology, transistors integrated with flexible substrates show high perfor-
mance. In vivo experiments are performed in male Yorkshire pigs. The flexible silicon
electronics system is placed on the heart of an adult pig and conformed to the epicar-
dial surface, including epicardial coronary vessels. The spread of spontaneous and
paced ventricular depolarization with high temporal and spatial resolution is mapped
using this electronic system. Large-scale electronic platforms that support intimate,

�

Figure 12.3 Si-based devices for wearable and implantable systems. (A) The multifunctional epider-
mal electronics based on Si-based electronics. (B) The Fabry-Pérot interferometer sensors for moni-
toring intracranial pressure and temperature (Upper: schematic illustration of an FPI pressure and
temperature sensor; Bottom: the photograph of an FPI sensor implanted in the intracranial space
of a rat). (C) Printed silicon microdie arrays with variable density for chronic biointegration (Upper:
Schematic illustration of contact of the system on the surface of a brain model; Bottom: heteroge-
neous integration of Si microelectronics). (D) The flexible, high-density electrode array for mapping
brain activity (Left: the schematic exploded view of each layer; Right: a flexible, high-density active
electrode array was placed on the visual cortex). (E) The ultra-thin transfer printed Si optoelectronic
microprobe arrays (Left: the optical image of microprobe array on a curved surface; Right: the opti-
cal microscopic image of a single microprobe). (A) Reproduced with permission; Copyright r 2011,
The American Association for the Advancement of Science; (B) Reproduced with permission; Copyright
r 2019 The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science; (C) Reproduced with permission; Copyright r 2019 National Academy of
Sciences; (D) Reproduced with permission; Copyright r 2011, Nature Publishing Group, a division of
Macmillan Publishers Limited. All Rights Reserved; (E) Reproduced with permission; Copyright r 2018,
The Author (s).
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functional biointerfaces offer important capabilities in monitoring and/or stimulation
of living tissues. This platform can be potentially applied in neural recording.
Fig. 12.3D left photo shows an electronic system that integrates ultrathin silicon nano-
membrane transistors into the electrode array, enabling new dense arrays of thousands
of amplified and multiplexed sensors that are connected using fewer wires (Viventi
et al., 2011). This system is used to map neural activity at high resolution on the sur-
face of the visual cortex of ten cats in vivo (as shown in Fig. 12.3D right photo). The
electronic system can either sample broad regions of the brain at low spatial resolution
or small regions of the brain at high spatial resolution. The electronic system can offer
a spatial scale 400-fold finer than that used clinically (Viventi et al., 2011). The
increases in spatial and temporal resolution would allow a more detailed characteriza-
tion of brain networks. Song et al. establish a scalable approach for building combined
electronic�optoelectronic microsystems that served as functional interfaces to soft tis-
sues. As demonstrations, as many as tens of thousands (. 32,000) of thin, microscale
functional elements (including a pair of n-channel metal-oxide-semiconductor transis-
tors) derived from source wafers are integrated with the flexible substrate by transfer-
ring printing method, as interconnected networks across areas that approach those of
the human brain (as shown in Fig. 12.3C) (Song et al., 2019). The scalable approach
may herald a new generation of diagnostic and therapeutic brain-machine interface
devices.

With the rapid development of optogenetics, which optogenetics involves injecting
light into the brain to stimulate or control neurons, the optical neural probe has
attracted intensive research interest in recent years. Detecting the light intensity in spa-
tial positions can facilitate the understanding of the biological consequences. Sim et al.
report a penetrating microprobe array can serve this purpose. The 3D penetrating
microprobe array is formed in a thin and flexible format, which can attach and con-
form to curved surfaces and whose function is enabled by transfer printed ultrathin Si
PDs (Sim et al., 2018). The PD employs two n�p Si diodes configured in a back-to-
back (n�p�p�n) fashion. Fig. 12.3E shows an optical image of a 3D penetrating
microprobe array on a curved surface (left photo) and an optical microscopic image of
a single microprobe (right photo) (Sim et al., 2018). The capability of mapping the
photo intensity in space is verified in a brain model. This type of penetrating micro-
probe array can find potential and broad utilities in a wide range of biointegrated
applications, such as optogenetics, deep brain stimulation, cortex mapping, etc.

12.2.4 Wide bandgap semiconductors
Si semiconductor technology is approaching the theoretical limits of the Si material.
To overcome this limitation and fabricate high-performance devices, new semicon-
ductor materials are needed. Wide bandgap semiconductors like silicon carbide (SiC),
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gallium nitride (GaN), and diamond, due to their superior electrical characters are
likely candidates to replace Si shortly for high power, or high frequency, and short
wavelength optoelectronic devices. Among these, diamond is an attractive material
due to its exceptional physical characteristics, including the hardest materials, high
density, the highest thermal conductivity, optical transparency that extends from the
far infrared to the deep ultraviolet, low coefficient of thermal expansion, chemically
inert, and excellent biological compatibility. Using the transfer printing method, many
flexible diamond-based devices emerge for application in the biomedical field. Hess
et al. report a chemical release transfer method to integrate microcrystalline diamond
film onto a mechanically flexible polymer substrate (Hess et al., 2011). The high-
temperature diamond growth process is performed on a temperature-tolerant substrate
(Si wafer) using a thin SiO2 film as a sacrificial layer, and then the diamond film is
released from the wafer by dissolving the SiO2 sacrificial layer in HF, thus transferring
the diamond film from the Si/SiO2 wafer to the flexible polymer substrate. The flexi-
bility of the diamond-on-polymer structure is confirmed by wrapping the dogbone-
shaped test structure around a cylindrical object with a radius of 650 μm without
resulting in diamond delamination or cracking. The diamond-on-polymer structures
can withstand a high degree of bending around small radii of curvature and will be
able to conform well to curved biological structures (Fig. 12.4).

In addition to electrical and mechanical properties, biocompatibility is essential for
bioelectronic devices, especially for implantable devices. Critical to the success of bioe-
lectronics is reducing the immune response of an organism to the external device.
Ideally, an implant is biologically inert and does not activate an immunological
response but allows target cells to integrate with the bioelectronic application. If the
bioelectronic device elicits an immunological response, the device may become encap-
sulated within a fibrous tissue, compromising or seriously disrupting the interface
between the device and neural tissue (Feron et al., 2018). Bendali et al. develop a pro-
cedure for depositing diamond onto flexible 3D retinal implants (shown in Fig. 12.4A
upper photo) and investigate the biocompatibility of diamond as an electrode (Bendali
et al., 2015). In vitro experiment shows diamond electrode displays biocompatibility
with embryonic cortical neurons and stem cells and even retinal neurons. For investi-
gation of the biocompatibility of diamond in vivo, soft polyimide implants with dia-
mond are inserted into the subretinal space of P23H rats (shown in Fig. 12.4A bottom
photo). The absence of a massive inflammatory reaction and the presence of many
bipolar neurons suggest that diamond electrodes are not toxic to retinal neurons. This
study confirms the considerable benefits of the diamond as an attractive electrode
material applicated in the biomedical field. Additionally, diamond is favorable material
for biochemical sensors due to it has biocompatibility, chemical inertness, resistance to
biofouling, extremely wide potential window, and low double-layer capacitance.
Fig. 12.4B shows flexible, diamond-based microelectrodes for neural sensing, which
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consist of multichannel boron-doped polycrystalline diamond (BDD) microelectrodes
on a soft Parylene C substrate (Fan et al., 2020). The dopamine (DA) sensing capabil-
ity of the BDD microelectrodes is validated in a 1.0 mM dopamine solution. The
BDD microelectrodes exhibit a featureless background current and wider water poten-
tial windows compared to the standard gold electrode, which permits the detection of
chemical analytes in an expanded potential range of operation with reduced interfer-
ence from the non-Faradaic background current of the electrolyte.

Despite its unique features, the wide application of diamond in the biomedical field
is limited by processing technologies and difficulties in its integration with heteroge-
neous devices and substrates. Xie et al. report a facile process to form large-area, free-
standing diamond thin films and combine them with optoelectronic devices on
flexible substrates. By transferring printing, diamond thin films released from original
substrates can be heterogeneously integrated onto any foreign substrates of interest. As
shown in Fig. 12.4C left photo, diamond thin films are transferred onto a polyethyl-
ene terephthalate (PET) substrate (Xie et al., 2021). Diamond films are heteroge-
neously integrated with micro-LEDs to facilitate heat dissipation during operation
(shown in Fig. 12.4C right photo). Experimental and calculation results suggest that
the temperature rises during operation for micro-LEDs can be reduced by approxi-
mately 20% by using diamond films as heat sinkers. These materials and device strate-
gies provide promising paths to the broad applications of thin-film diamonds in the
biomedical field.

As the representatives of the wide band gap semiconductor materials, GaN has
been widely studied due to their excellent characteristics and plays an important role
in solid-state lighting, flat panel displays, solar energy, electronic power, and other

�

Figure 12.4 Wide bandgap materials. (A) Three-dimensional (3D) diamond-based electrodes for
flexible retinal neuroprostheses (Upper: SEM image of 3D diamond-based electrodes; Bottom: eye
fundus of rat with implanted diamond-based electrodes). (B) Flexible diamond-based microelec-
trodes for neural sensing (Left: SEM images of a fabricated implantable neural probe; Right: setup
of in vivo neural recording in a male rat). (C) Biocompatible diamond thin films integrated with
flexible substrates (Upper: the free-standing diamond films on PET-based flexible substrates;
Bottom: the schematics and corresponding images of diamond films integrated with blue micro-
LEDs). (D) The wireless e-skin based on freestanding ultrathin single crystalline GaN film (Upper:
SEM images of GaN e-skins with 200-nm-thick GaN attached to skin replica samples; Bottom: the
wireless pulse measurements using GaN e-skin strain sensors). (E) The freestanding SiC for
implantable and stretchable bioelectronics (Upper: SEM images of the SiC spring/PDMS membrane
under mechanical deformation; Bottom: SEM images of the free-standing SiC micro-spring struc-
tures). (A) Reproduced with permission; Copyright r 2015 Published by Elsevier Ltd.; (B) Reproduced
with permission; Copyright r 2020 The Author (s); (C) Reproduced with permission; Copyright r 2020
Wiley-VCH GmbH). (D) Reproduced with permission; Copyright r 2022 The American Association for
the Advancement of Science; (E) Reproduced with permission; Copyright r 2021 IOP Publishing Ltd
Printed in the UK.
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fields. GaN also has great potential applications in bioelectronics. Kim et al. report a
chipless wireless e-skin based on surface acoustic wave sensors made of freestanding
ultrathin single-crystalline piezoelectric GaN membranes. The ultrathin GaN epitax-
ial layers (200 nm) are grown on graphene (GP)-coated GaN substrates and are easily
released from the weak GP�GaN interface. Then ultrathin GaN films are transferred
on a flexible patch as the material for passive wireless sensing. The excellent piezo-
electricity and perfect single-crystallinity of GaN film enable wireless communication
without chips. As shown in Fig. 12.4D upper photo, ultrathin GaN films can con-
formal coverage on the skin replica made of Ecoflex silicone (Kim et al., 2022). The
chipless wireless e-skin allows the continuous measurement of arterial pulse waves
on the wrist with highly sensitive over 7 days (as shown in Fig. 12.4D bottom
photo). This presents routes to inexpensive, high-sensitivity platforms for wireless
health monitoring devices.

SiC is an attractive candidate for bioelectronic devices among various wide band-
gap semiconductor materials due to its chemical inertness and stable mechanical and
electrical properties and is suitable for integration in reliable implantable, and stretch-
able sensing devices. Pham et al. report a versatile transfer printing process that
employs a thin aluminum film as a sacrificial layer to facilitate the release and transfer
diverse SiC films from rigid Si wafers onto flexible PDMS substrates (shown in
Fig. 12.4E) (Pham et al., 2020). The transferred SiC films exhibit a high degree of
structural perfection without cracks or tears and good semiconducting functionality.
The SiC surface is an inert, nontoxic contact site that allows cells to firmly attach, pro-
liferate, and then eventually spread to establish cell�cell contact. The physiological
and morphological features of the human dermal fibroblast on the SiC surface are
investigated. The results indicate the cytological compatibility of SiC and demonstrate
the potential of flexible SiC electronics for implantable applications.

12.2.5 Two-dimensional materials
2D materials are emerging material candidates for electronic and photoelectric devices,
energy storage, conversion devices, and bioelectronics. The most fascinating feature of
2D materials is their ultrathin vertically layered nanostructure that provides high opti-
cal transparency, extraordinary softness, and inherent flexibility to the devices. The
quantum confinement effect in atomically thin layered nanostructure also introduces
interesting optoelectronic characteristics and superb photodetection capabilities. The
large-area continuous planar structure of 2D materials allows efficient carrier transport
within the 2D plane. Benefiting from the unique 2D layered structure and outstanding
properties, 2D materials have proven to be good candidates for flexible bioelectronic
devices. These interesting properties of the 2D materials enable unconventional device
functions in biological and optical sensing, as well as superb performance in electrical
and biochemical therapeutic (Choi et al., 2019) (Fig. 12.5).
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Among various 2D materials, GP stands out in the flexible electronics field due to its
combination of high carrier mobility, high thermal conductivity, high specific surface
area, high optical transparency, excellent mechanical flexibility, and environmental sta-
bility. GP is an ideal material for wearable and implantable electronics. Lim et al. report
a transparent and stretchable interactive human�machine interface (iHMI) system com-
posed of wearable motion sensors which consist of piezoelectric polymer (PLA)/SWNT
composite thin film sandwiched between GP electrodes and insulating layers (shown in
Fig. 12.5A upper photo) (Lim et al., 2015). The GP is grown through a chemical vapor
deposition (CVD) process using copper as the catalyst and transferred onto the top and
bottom surfaces of PLA/SWNT composite thin film respectively to form sandwich
structures. The bending tests confirm that GP heterostructures maintain their high elec-
trical conductivity even after being subjected to extreme bending. The iHMI system can
be conformally laminated onto human skin (shown in Fig. 12.5A bottom photo) and
have a natural appearance, comfort, and high SNR, which benefits from the high con-
ductivity of GP and the ultrathin and lightweight design.

GP is an emerging ideal transparent electrode material due to high optical transpar-
ency and high electrical conductivity. GP biocompatibility increases its potential use in
implantable biomedical applications. Fig. 12.5B shows a transparent and flexible low-
noise GP electrode, which enables simultaneous optical imaging and electrophysiologi-
cal recording (Kuzum et al., 2014). CVD-grown GP on Cu substrate is transferred
onto the desired areas of the polyimide substrate using the poly(methyl methacrylate)
(PMMA)/PDMS stamping method and is patterned using photolithography and oxy-
gen plasma etching. In vivo experiments confirm that transparent GP electrodes can
simultaneously record neural activity during calcium imaging with confocal or multi-
photon microscopy without any light-induced artifacts in the electrical recordings. GP
transparent electrodes offer a solution for high spatial-temporal resolution electro-optic
mapping of the dynamic neuronal activity.

GP as a promising electrode material has tremendous potential for electrochemical
sensing and biosensing due to excellent properties including chemical inertness, high
conductivity and electron mobility at room temperature, large surface-to-volume
ratio, and robust mechanical and flexibility. Mannoor et al. establish an approach to
integrate GP electrochemical electrodes with biomaterials. The CVD-grown GP thin
films are released from donor substrate and transferred onto the silk films. Planar
inductive and capacitive elements are then incorporated onto the GP/silk samples to
enable wireless interrogation (shown in Fig. 12.5C left photo) (Mannoor et al., 2012).
GP-based sensing element with wireless readout coil is then transferred onto biomater-
ials via dissolution of the supporting silk film (shown in Fig. 12.5C right photo). The
sensor is integrated onto the surface of a bovine tooth for investigating the perfor-
mance (shown in Fig. 12.5C right photo). The results exhibit the capability of remote
monitoring of pathogenic bacteria.
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Figure 12.5 Two-dimensional (2D) materials. (A) Transparent and stretchable interactive human-
machine interface based on transferred graphene (Upper: the exploded schematics of the trans-
ferred graphene used in the motion sensor; Bottom: the image of the motion sensor on the human
wrist). (B) Graphene electrodes for simultaneous electrophysiology and neuroimaging (Left: the

(Continued )

298 Transfer Printing Technologies and Applications



However, the low defect density of CVD-grown GP results in poor electrochemi-
cal activity, which limits its application in biosensing. To overcome this limitation,
gold-doped GP is used to replace GP for electrochemical sensing. Lee et al. report
that GP doped with gold and combined with a gold mesh has improved electrochemi-
cal activity over bare GP and fabricate a stretchable patch for sweat-based diabetes
monitoring (Lee et al., 2016). The gold mesh and gold-doped GP form an efficient
electrochemical interface for the stable transfer of electrical signals. The patch with
stretchable designs shows extremely conformal contacts to the human skin under
deformation (shown in Fig. 12.5D). This conformal and intimate interfacing enables
stable sensing.

MoS2 materials have recently attracted attention due to their outstanding mechani-
cal and optical transmittance, high gage factor, and tunable band gap. Fig. 12.5E shows
an ultrathin conformal, MoS2-based tactile sensing array (Park et al., 2016). Bilayer
MoS2 (1.4 nm) used as a strain-sensing layer is transferred on SU-8 substrate (32 nm).
Transferred GP (0.9 nm) is used as an electrode. The total thickness of the sensor is
less than 75 nm. The ultrathin tactile sensor shows high sensitivity, good uniformity,
and linearity. In addition, it provides excellent mechanical flexibility, good optical
transparency, and stable performance even on a human fingertip (shown in Fig. 12.5E
right photo).

Laser-induced graphene (LIG) is a 3D porous material prepared by direct laser
writing with a CO2 laser on carbon materials in ambient atmosphere (Ye et al., 2019).
This technique combines 3D GP preparation and patterning into a single step without
the need for high-temperature reaction conditions, solvent, or subsequent treatments.
Since its discovery in 2014, LIG has attracted broad research interest (Lin et al., 2014;
Ye et al., 2018). Using transfer printing technology, LIG could integrate with various
substrates and obtain exciting performance. He et al. report a self-healable, flexible,
and multimodal sweat sensor based on LIG electrodes for healthcare monitoring

�

photograph of a 16-electrode array; Right: the photograph of the graphene electrode placed on
the cortical surface of the left hemisphere of rat). (C) Graphene-based wireless bacteria detection
platform. (D) Graphene-based electrochemical device for glucose monitoring (Upper: the optical
image of the electrochemical sensor array; Bottom: the optical images of electrochemical sensor
array on human skin). (E) MoS2-based tactile sensor for electronic skin applications (Left: the fabri-
cation steps for the strain gage sensor based on the MoS2; Right: the photographs of the MoS2 tac-
tile sensor on a fingertip). (F) Wearable strain sensors based on transferred MXene-graphene
composite materials. (A) Reproduced with permission; Copyright r 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; (B) Reproduced with permission; Copyright r 2014, Nature Publishing Group, a
division of Macmillan Publishers Limited. All Rights Reserved; (C) Reproduced with permission;
Copyright r 2016, Nature Publishing Group; (D) Reproduced with permission; Copyright r 2012,
Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved; (E)
Reproduced with permission; r 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Reproduced
with permission; Copyright r 2019 Elsevier Ltd. All rights reserved.
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applications, which can conduct simultaneous detections of pH, UA, and Tyrosine in
sweat (He et al., 2021). The LIG on the donor substrate is pressed onto the self-
healing substrate. Due to the strong adhesive force provided by the hydrogen bonds in
the self-healing elastomer, the patterned LIG is thus transferred from the donor sub-
strate onto the self-healing substrate. Due to the highly porous structure and high
electron mobility of LIG, the sensor has outperformed commercial glassy carbon elec-
trodes in terms of sensitivity to the targeted uric acid and tyrosine molecules. In addi-
tion, the sensor can recover from catastrophic through-cut damage by a razor blade,
which benefits from the self-healable substrate.

Due to high metallic conductivity, good oxidation resistance, and excellent
mechanical properties, MXenes have been integrated with various flexible substrates
for bioelectronic applications (Li et al., 2019; Yang et al., 2019; Zhan et al., 2020).
Sun et al. report a wearable strain sensor based on a spontaneously formed Ti3C2Tx/
graphene/PDMS layered structure, which requires no complicated manufacturing pro-
cess (Yang et al., 2019). As shown in Fig. 12.5F, a Ti3C2Tx suspension prepared by a
chemical liquid etching method and a multilayer GP suspension prepared by an elec-
trochemical exfoliation method is mixed and filtrated into a conductive film. Then the
Ti3C2Tx/GP films are transferred to prepolymerized PDMS substrates to form flexible
and stretchable strain sensors. The strain sensor can be divided into two layers when
being stretched: a Ti3C2Tx dominated brittle upper layer and a flexible GP/PDMS
composite bottom layer. The upper layer is brittle and tended to generate cracks to
dissipate stresses when being stretched, while the bottom layer kept contact to main-
tain the conductive pathways. The synergetic motion of the upper and bottom layers
rendered the film with highly sensitive and linear responses to strains in a wide strain
range.

12.2.6 Biomaterials
Applications in biotechnology demand the ability to pattern relevant bioorganic mate-
rials, ranging from small molecule drug candidates to living cells (Carlson et al., 2012).
The transfer printing technique is available for such purposes. It has been verified that
various biomaterials can be patterned using the transfer printing method, such as
DNA, proteins, Viruses, and cell. DNA patterned has become one of the essential
tools to investigate the expression or mutation of thousands of genes simultaneously.
Fig. 12.6A shows a simple and cost-effective transfer scheme for patterning DNA with
high submicron resolution (Thibault et al., 2005), which is named namely microcontact
printing. The patterned stamps are made of elastomeric poly (dimethylsiloxane)
(PDMS) which has a strong hydrophobic surface and does not require any surface mod-
ification to be able to adsorb oligonucleotides or PCR products. The adsorbed DNA
molecules are subsequently printed efficiently on a target surface. Experiments confirm
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that this scheme can pattern DNA microarrays at a relatively high speed, high resolution,
and high reproducibility (Thibault et al., 2005). DNA patterns can also be replicated at
large-scale high resolution by other forms of printing, such as supramolecular nanos-
tamping (SuNS) (Yu et al., 2005; Yu & Stellacci, 2006) and liquid supramolecular
nanostamping (LiSuNS) (Yu & Stellacci, 2007). Supramolecular nanostamping
encompasses a class of protocols that form high-resolution patterns of single-stranded
DNA molecules. Additionally, LiSuNS and SuNS have a common advantage: the
ability of printing features made of different DNA sequences in a single printing cycle
while preserving their chemical differences (shown in Fig. 12.6B) (Yu & Stellacci,
2007) (Fig. 12.6).

Microcontact printing technology can also be used for patterning proteins. As shown in
Fig. 12.6C. Renault et al. propose modified microcontact printing: patterning stamp sur-
faces with ensembles of biomolecules where the pattern on the affinity stamp is determined
by the position of various proteins covalently linked to a planar stamp (Renault et al.,
2002). After the capture process, target protein molecules are patterned on the stamp, and
can be microcontact-printed onto a substrate in one step. This method enables the simulta-
neous capture of different target proteins from a complex solution (shown in Fig. 12.6C).
Wigenius et al. report a simple method based on PDMS stamps can be used to pattern
proteins: hydrophobic patterns achieved by transfer printing silicone oligomers from a
PDMS stamp onto a hydrophilic substrate can selective adsorption of proteins from solution
(shown in Fig. 12.6D) (Wigenius et al., 2008).

Additionally, the subtractive printing technique has been developed as a versatile
method for the patterned transfer of proteins and viruses from solution to substrate
through a series of step-wise reductions in nonspecific hydrophobic interactions.
This method can be used to generate patterns with sub-100 nm resolution (Coyer
et al., 2007; Solis et al., 2010). Fig. 12.6E shows the nanometer-scale patterning of
viruses (M13 bacteriophages) by subtractive printing (Solis et al., 2010). A planar,
hydrophobic elastomer (PDMS) using the spontaneous adsorption of viruses from
solution onto hydrophobic surfaces, to subtract viruses from the elastomer using a
nanotemplate during a brief contact step, and to print the remaining viruses pattern
from the elastomer onto the target substrate. The key in this method is that the
nano-template and final substrate have a higher work of adhesion for water than the
elastomer.

Cell patterning in two and three dimensions provides great opportunities for basic
science investigations, tissue engineering, and regenerative medicine applications (Schiele
et al., 2010). Transfer printing technology can enable precise cell placement on 2D and
even 3D surfaces. Stevens et al. report a simple potentially generic methodology for gen-
erating patterns of mammalian cells on porous scaffolds (Stevens et al., 2005). The
hydrogel stamps are used in this method, which provided a “wet,” biocompatible surface
and maintained the viability of cells adsorbed on stamps during the patterning process.
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Figure 12.6 Biomaterials. (A) Transfer printing of oligonucleotides for biochip applications (Left: the
principle of microcontact printing of DNA molecules; Right: the fluorescence images of printed
micronic patterns). (B) Large-area transfer printing DNA via liquid supramolecular nanostramping
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The technique transferred material to the surface of the substrate in parallel, making it
possible to pattern multiple spots of cells simultaneously. Fig. 12.6F shows three spots of
cells patterned on the surface of hydroxyapatite at the same time and illustrates the
reproducibility of the pattern transfer.

12.3 Functional devices

12.3.1 Light emitting diodes
LEDs have received considerable attention as a new light source in biomedical fields due
to their high efficiency, long life, low power consumption, excellent portability, and easy
integration with other electronic devices (Corbett et al., 2017; Zhang, Peng, et al., 2022).
In addition to common phototherapy, their applications have been expanded to optical
neural modulation, photodynamic therapy, and optical sourcing (Gutruf & Rogers, 2018;
Lee et al., 2012; Lee et al., 2022). With the rapid development of optogenetics, micro-
LEDs as implantable optical sources for controlling neurons have attracted intensive
research interest in recent years. The implantable LED optical sources can provide preci-
sion optical stimulation, effective photon treatment, and other benefits. By integrating the
micro-LEDs with flexible substrates, biocompatibility at the chemistry and mechanics level
can be obtained, which are critical specifications for the long-term integration of implants
with a biological host (Fallegger et al., 1903). Li et al. report a heterogeneous integration
strategy, which enables the integration of tri-color (red, green, and blue) microscale, thin-
film LEDs with the heterogeneous substrate (Li, Tang, et al., 2021). The first and key step
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(Upper: the schematic illustrating the approach used for master preparation; Bottom: a false-color
overlay of printed result). (C) Fabricating high-resolution arrays of proteins via affinity contact printing
(Left: the captured molecules on the stamp are chicken IgGs (lines a and e), goat IgGs (lines b and f),
protein A (line d), and mouse IgGs (line c); Right: the fluorescence microscope image showing the
placement of the TRITC-anti-chicken and FITCanti-goat antibodies from a stamp onto a glass sub-
strate). (D) Protein biochips patterned by microcontact printing [the fluorescence microscopy pictures
of aIgG-Alexa μCP onto glass substrates followed by incubation with IgG-TxR illuminated at 546 nm
(left) and followed by incubation with streptavidin-FITC illuminated at 470 nm (right)]. (E) The pat-
terned transfer of viruses from solution to the substrate. (F) Mammalian cells are transferred onto
porous tissue engineering substrates by hydrogel stamps (images 1�3 show different regions of a
hydroxyapatite scaffold patterned with osteoblasts using a single agarose stamp; 4 is the higher mag-
nification of the area within the white box in 3). (A) Reproduced with permission; Copyright r 2005,
Thibault et al.; licensee BioMed Central Ltd.; (B) Reproduced with permission; Copyright r 2007
WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim; (C) Reproduced with permission; Copyright r 2002
WILEY-VCH Verlag GmbH, Weinheim, Fed. Rep. of Germany; (D) Reproduced with permission; Rights
managed by AIP Publishing; (E) Reproduced with permission; Copyright r 2010 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim; (F) Reproduced with permission; Copyright r 2005 Elsevier Ltd.
All rights reserved.
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Figure 12.7 Microlight emitting diodes (LEDs) for implantable light sources. (A) Microscope images
and electroluminescence spectra of multicolor micro-LEDs after transfer printing. (B) GaN μ-LEDs
are transferred onto thin plastic strips for optogenetics. (C) Optofluidic neural probes that combine

(Continued )

304 Transfer Printing Technologies and Applications



in this integration strategy is forming free-standing thin-film LEDs. Thin-film, freestanding
red LEDs based on gallium arsenide (GaAs) are formed by selective sacrificial etching: a
lattice-matched Al0.95Ga0.05As sacrificial layer is incorporated beneath the epitaxial layer
during the growth of functional structure, and then thin-film LEDs can be released from
the grown substrate by highly selective etching of sacrificial layer. Thin-film GaN-based
blue/green LEDs are released from sapphire by a laser lift-off (LLO) technique. Free-
standing LEDs can be integrated with various foreign substrates, such as flexible, stretch-
able, and even biodegradable substrates. Fig. 12.7A shows the Microscope images and
spectrum of tri-color (red, green, and blue) thin-film LEDs integrated with the flexible
substrate. This integration strategy enables a wide range of new opportunities for fabricat-
ing a multifunctional flexible optogenetic platform with good biocompatibility and con-
formability (Li et al., 2021). Fig. 12.7B shows a multifunctional optogenetic probe
consisting of micro-LEDs to enable optical stimulation, precision temperature sensors to
monitor thermal load, platinum microelectrodes to perform electrical recording, and a
micro-scale PD to allow for photometry (Kim et al., 2013). Despite its multilayer struc-
ture, the multifunctional optoelectronic systems have a total thickness of approximately
B20 μm, high mechanical flexibility, and minimally invasive stimulation. Another exam-
ple is Fig. 12.7C shows optofluidic neural probes consisting of soft microfluidic drug deliv-
ery with micro-LED arrays, which enable programmed spatiotemporal control of fluid
delivery and photostimulation (Jeong et al., 2015). The microfluidic channel is fabricated
by bonding two transparent thin elastomers (PDMS), which enable high flexibility and
transmittance after incorporation with μ-LED arrays. Experiments in freely moving ani-
mals demonstrate that the dopaminergic system is activated by micro-LED, and then
blocked by dopamine receptor antagonists delivered through the microfluidic channel in a
temporally precise programmable manner. Conventional hardware for optogenetic stimu-
lation physically tethers the experimental animal to an external power supply equipment
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soft microfluidic drug delivery with micro-LED arrays. (D) Flexible near-field wireless optogenetic
probe. (E) Dual-color optogenetic probe for simultaneous neural activation and inhibition in the
same brain region (Left: the photograph of a behaving mouse after intracranial implantation of a
probe; Right: micrographs of a dual-color micro-LED probe embedded into the tissue). (F) Closed-
loop optogenetic probe across the entire dorsoventral spinal cord (Upper: the schematic overview
of the optoelectronic; Bottom: photographs of the micro-LED array). (G) Micro-LEDs are served as
local light sources in a 3D multifunctional integumentary membrane integrated on a rabbit heart
(Inset: the electronics can cover both anterior and posterior surfaces of the heart). (A and B)
Reproduced with permission; Copyright r 2013, The American Association for the Advancement of
Science; (C) Reproduced with permission; Copyright r 2015 Elsevier Inc. All rights reserved; (D)
Reproduced with permission; Copyright r 2016 Elsevier Inc; h Reproduced with permission; Copyright
r 2022, The Author (s); (F) Reproduced with permission; Copyright r 2021, The Author (s), under
exclusive license to Springer Nature America, Inc.; (G) Reproduced with permission; Copyright r 2014,
Nature Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved.
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and imposes constraints on the animal’s movement. Emerging wireless options offer
important capabilities to solve this problem. Fig. 12.7D shows a thin, flexible, and fully
implantable wireless optogenetic system, which combines subdermal magnetic coil anten-
nas connected to micro-LEDs (Shin et al., 2017). This wireless system can operate at
wavelengths ranging from UV to blue, green-yellow, and red. This wireless power transfer
technology has a low operating frequency (13.56 MH), which reduces the absorption in
biological tissues, provides greater penetration depth, and minimizes adverse biological
effects (Fig. 12.7).

To control neural activities more precisely, bidirectional neural modulations are
required. Li et al. report a wireless dual-color optogenetic probe, which comprises ver-
tically integrated microscale thin-film red and blue LEDs and exhibits superior
biocompatibility for long-term light stimulation in vivo (Li, Lu, et al., 2022).
Cooperating with the coexpression of two spectrally distinct excitatory and inhibitory
channelrhodopsins (ChrimsonR and stGtACR2), bidirectional optogenetic activation
and inhibition are achieved in behaving mice. In vivo experiment results demonstrate
that wireless dual-color optogenetic probes enable efficient, bidirectional control of
neuronal activity in the ventral tegmental area and dopamine release of the nucleus
accumbens (shown in Fig. 12.7E). These technologies provide numerous opportunities
and implications for neuroscience research.

Photogenetic, as an efficient neural modulation technology, enables millisecond-
scale optical control of neural activity in defined cell types during animal behavior,
which allows scientists to pursue closed-loop optogenetic control (Grosenick et al.,
2015; Lee et al., 2022). In the field of neuroscience, the closed-loop control system
used for optogenetic modulation has been reported, where the input is a time-varying
light stimulus and the output may be physiological parameters, such as electrophysio-
logical, behavioral, pH, blood oxygen or glucose levels, or neurochemical changes
associated with neurotransmitter release (Armstrong et al., 2013; Grosenick et al.,
2015; Zaaimi et al., 2022). For example, Fig. 12.7F shows a wireless closed-loop opto-
genetic system inserted between the spinal cord and vertebrae to modulate muscle
responses, which enables ultrafast, wireless, closed-loop manipulation of targeted neu-
rons and pathways across the entire dorsoventral spinal cord in untethered mice (Kathe
et al., 2022). This system is comprised of dual-color LEDs (red and blue), used for
light activation and inhibition (input), and electrophysiological electrode, used for col-
lecting electromyographic (EMG) signals. In vivo experiment results confirm that the
system enables closed-loop control of optogenetic stimulation using real-time proces-
sing of physiological signals.

Conventional electronic devices can only be fabricated on a planar surface, which
is mismatched with the shape of 3D biotissues, such as the heart, and brain. It is neces-
sary to develop curvy electronics that can be assembled into devices on 3D surfaces
without losing performance in some applications. Stretchable electronics create an
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opportunity to meet this challenge. As shown in Fig. 12.7G, full 3D integration of
electronics with the epicardial surface (Xu et al., 2014). Micro-LEDs and other several
sensors are transferred onto 3D elastic membranes shaped precisely to match the epi-
cardium of the heart. The electronic system completely envelops the heart, and pos-
sesses inherent elasticity, providing a mechanically stable biotic/abiotic interface during
normal cardiac cycles. This integration scheme presents a promising opportunity to
design and implement bioelectronics with complex structures.

12.3.2 Photodetectors
PDs are indispensable components for the light sensor, which are found in a variety of
applications such as optical telecommunications, imaging, and biomedical sensing. In
recent years, new flexible PD applications, such as e-eyes, oximeters, and flexible cam-
eras, have attracted a great deal of research interest. Fig. 12.8A shows a wireless,
injectable fluorescence photometer that integrates a LED and a PD on a flexible,
needle-shaped polymer substrate (Lu, Gutruf, et al., 2018). The ultrathin geometry
and compliant mechanics of these probes allow minimally invasive implantation. The
fluorescence photometer can record neuronal activity using genes expressing calcium
indicators, which is a standard fluorescent technique that detects Ca21 changes associ-
ated with cell activity. In vivo studies in freely moving animals shows that the pho-
tometry can capture transient calcium fluorescence from active neurons in the deep
brain (basolateral amygdala), demonstrating the capability to monitor neural activity in
freely moving animals. The technology scheme that excitation light sources based on
micro-LED, in collaboration with a PD for measuring transmission, reflection, and
emission can also be used to fabricate the oximetry sensors. As shown in Fig. 12.8B,
an epidermal optoelectronic device with the integration of red and infrared LEDs and
a Si-based PD is fabricated for blood oxygen measurement based on Beer�Lambert
law (Li et al., 2017). The reflected light is analyzed by a PD to determine the blood
oxygen level in real-time. The epidermal optoelectronic device is attached to the wrist
for demonstrating the practical application of the epidermal optoelectronic device.
Similar photoelectric systems can also be used to monitor blood oxygen in biological
tissues. Zhang et al. report a pair of micro-LEDs and a PD are integrated on a needle-
shaped polymer substrate to form an implantable probe for measuring tissue oxygen
saturation (Zhang, Gutruf, et al., 2019). The implantable oximeter enables monitoring
regional tissue oxygen saturation levels in vivo, including deep brain regions, on freely
moving animal models. Hong et al. report a low-cost, high-throughput flexible GaAs
PD arrays fabrication scheme. GaAs PD arrays are grown on a Si substrate and trans-
ferred to a polyimide film via metal wafer bonding and epitaxial lift-off (Hong et al.,
2020). 100% transfer yield of a 203 10 GaAs PD array is achieved. PD arrays that are
highly uniform and thermal crack-free after the transfer process. The optical and
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electrical properties of the GaAs PD array are almost the same before and after the
transfer process. Fig. 12.8D shows a flexible GaAs PD array in a bent configuration.
One thousand bending cycles of the flexible PD array confirm excellent durability.
This technology offers an opportunity for large-scale optoelectronic device integration
(Fig. 12.8).

The human eye is a remarkable imaging device, which has photoreceptors that
capture and transduce photons into electrochemical signals. The eye-inspired optoelec-
tronic systems have always attracted the attention of researchers due to their many
unique features. Eyes enable a wide field of view and low aberrations with few-
component imaging optics benefiting from a hemispherical detector geometry (Ko
et al., 2008). Inspired by the eye, Ko et al. report a hemispherical electronic eye cam-
era based on single-crystalline silicon PDs (shown in Fig. 12.8C) (Ko et al., 2008).
The hemispherical PDMS substrate formed by casting PDMS in the gap between
opposing convex and concave lenses with matching radii of curvature transform into
the planar shape of a “drumhead” at sufficiently large radial tension. The focal plane
PD array is fabricated on the silicon-on-insulator wafer and then peeled off from the
wafer by etching the oxide layer and further transferred on the tensioned, planar
drumhead shape PDMS substrate. Finally, the PDMS substrate with PD array returns
to its initial hemispherical shape by releasing the radial tension. Fig. 12.8E illustrates a
simple origami approach for fabricating Si-based focal plane arrays and artificial com-
pound eyes that have hemisphere-like structures (Zhang, Jung, et al., 2017). The
silicon-based devices are fabricated on the silicon-on-insulator wafer and shaped into
maps of a truncated icosahedron, then transferred onto the PI substrate with a match-
ing shape and further folded either into a concave or convex hemisphere. Those tech-
nologies provide practical routes for integrating planar devices onto complex curved
surfaces.

�

Figure 12.8 Photodetectors (PD). (A) Implantable fluorescence photometer that combines light
sources and PDs (Left: the schematic exploded-view illustration of photometry probe; Right: SEM
image of the probe tip). (B) Wearable blood oxygen detection device that integrates LED and
Si-based PD (Upper: the device integrated onto human wrist; Bottom: the illustration of blood oxygen
detection device). (C) Eye-like optical imaging system based on compressible silicon optoelectronics
(the schematic illustrating (upper) and optical image (bottom) of eye-like optical imaging system).
(D) Flexible GaAs PD arrays for wearable photonics platform (Left: the image of the flexible PD
mounted on a curved surface; Right: the optical microscope image of PD array). (E) The hemispherical
electronic eye systems based on origami silicon nanomembrane-based photodiode (Left: the sche-
matic illustration of the net of half truncated icosahedron being folded into a hemisphere; Right:
a photograph of the half truncated icosahedron). (A) Reproduced with permission from. Copyright r
2018. Published under the PNAS license; (B) Reproduced with permission from. Copyright r 2017
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (C) Reproduced with permission from. Copyright r
2008, Macmillan Publishers Limited; (D) Reproduced with permission from. Copyright r 2020 Optical
Society of America; (E) Reproduced with permission from. Copyright r 2017, The Author (s).
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Figure 12.9 Energy-harvesting devices. (A) Implantable solar cell arrays for powering medical elec-
tronics (Left: the optical image of solar cell arrays; Right: the schematic illustration of a potential
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12.3.3 Energy-harvesting devices
Despite significant advances in the area, the power supply is a critical challenge for
flexible bioelectronic devices, which require stable operation without behavioral or
environmental restrictions. Conventional devices usually use external batteries to
provide sufficient and stable power, whose electrical capacities, size, and weight is
barriers to further minimization. Various innovative approaches are being proposed
for power in bioelectronic devices, using mechanical movement, photovoltaic (PV)
conversion, thermoelectric effect, and others. Flexible solar cells have been actively
developed as attractive power sources for bioelectronic devices. Song et al. report a
flexible solar cell array for powering medical electronics. The schematic illustration
of a solar cell is shown in Fig. 12.9A left photo (Song et al., 2016). The dual junc-
tion (GaInP: bandgap � 1.8 eV, GaAs: bandgap � 1.4 eV) solar microcells are fabri-
cated and released from the original wafer with an elastomeric stamp (PDMS) and
further transferred onto a PI film. To demonstrate the in vivo electrical perfor-
mances, a solar cell array is implanted into live mouse models. The subdermally solar
cell array generates approximately 647 μW of direct current power, which can
power a custom-built flexible pacemaker. Based on bioresorbable materials, includ-
ing Si, Mo, and PLGA. As shown in Fig. 12.9B, Lu et al. develop a fully biodegrad-
able, monocrystalline silicon PV platform (Lu, Yang, et al., 2018). Si-solar cells are
fabricated on SOI substrate with Mo interconnections and poly (lactic-co-glycolic
acid) (PLGA) as an encapsulation layer and released from the silicon wafer by back-
side etching. The remaining buried oxide layer underneath the microcells serves as a
back biofluid barrier for the array. The Si-solar cell array (including 72 solar cells)
can generate � 60 μW of electrical power under 4 mm of porcine skin. The solar

�

application of solar cell arrays that power implantable electronics). (B) Monocrystalline silicon pho-
tovoltaic microcells as power supplies for biomedical implants (Upper: Si PV array under pig skin
and fat; Bottom: Si PV array after immersion in PBS solution). (C) The infrared-to-visible upconver-
sion devices as injectable light sources (Left: The schematic illustration of the fabricated upconver-
sion device; Middle: the operational principle of the upconversion device design; Right: the image
of a mouse with devices implanted). (D) The ultra-flexible energy harvester (UFEH) based on piezo-
electric devices for harvesting the biomechanical energy (Left: the schematic illustration of UFEH;
Right: the image of UFEH mounted between left ventricular apex and right ventricle). (E) The piezo-
electric energy harvester integrated with heart, lung, and diaphragm. (F) The thermoelectric gener-
ator for body heat harvesting (Left: the photograph of a PZT energy harvester on the bovine
diaphragm; Right: the photograph of the PZT energy harverster). (A) Reproduced with permission
from. Copyright r 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (B) Reproduced with permis-
sion from. Copyright r 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (C) Reproduced with
permission from. Copyright r 2018. Published under the PNAS license; (D) Reproduced with permission
from. Copyright r 2015, The Author (s); (E) Reproduced with permission from. Copyright r 2014.
Published under the PNAS license; (F) Reproduced with permission from. Copyright r 2019 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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cell array fully dissolves in biofluids after 4 months, and the degradation process
introduces no inflammatory responses in the surrounding tissues. These characteris-
tics illustrate the potential for using silicon solar cells as bioresorbable power supplies
for various transient biomedical implants (Fig. 12.9).

As shown in Fig. 12.9C, an infrared-to-visible upconversion microscale device is
achieved based on the full integration of solar cells and LED (Ding et al., 2018). The
upconversion device includes a includes connected double junction gallium arsenide
(GaAs) solar cell and an aluminum gallium indium phosphide (AlGaInP)-based visible
LED. GaAs-based solar cell captures low-energy near-infrared photons, providing
photogenerated currents and voltages that drive the visible LED. The device is fabricated
on GaAs substrates and released by etching sacrificial layer and further can be integrated
with various heterogeneous substrates via transfer printing. The encapsulated microscale
device can be implanted in the subcutaneous tissue and provides stable, long-term
implantable light sources in behavioral animals. This approach provides a feasible route
for developing passive wireless implantable light sources.

Mechanical energy is an important source of energy for powering bioelectronics. The
human body produces abundant kinetic energy, such as the motion of the heart, and the
contraction/relaxation of the diaphragm and lungs. For instance, the cardiac output power
is about 1.4 W, which is enough to power many bioelectronic devices. Piezoelectric
materials are capable of mechanical-to-electrical energy conversion, which offer practical
routes to energy harvesting in vivo. As a common piezoelectric material, lead zirconate
titanate (PZT) has already been used to collect biomechanical energy from the motion of
the heart, lung, and diaphragm. Dagdeviren et al. report a flexible PZT mechanical energy
harvester (Fig. 12.9E) (Dagdeviren et al., 2014). The key functional elements of the
energy harvester consist of 12 groups of 10 PZT ribbons transferred onto the PI substrate.
In vivo studies demonstrated that PZT energy harvesters enable high-efficiency
mechanical-to-electrical energy conversion from the natural contractile and relaxation
motions of the heart, lung, and diaphragm. The devices exhibit excellent mechanical
and electrical stability. There is no noticeable degradation in the properties after over
20 million bending/releasing cycles in moist environments. Fig. 12.9D shows an ultra-
flexible PZT energy harvester used to harvest biomechanical energy from heart motions
(Lu et al., 2015). The brittle piezoelectric film with high piezoelectric coefficients is inte-
grated onto the extremely soft PI substrate via transfer printing technology. The PZT
energy harvester is implanted in pigs under different conditions, such as with an open or
closed chest, or awake or under anesthesia. The output voltage can be up to 3 V, which
is approximately the same as the required value for biomedical implants.

Body heat can be an inexhaustible source of energy during the lifespan of a person
because the core body temperature is regulated at 37�C. The total heat dissipated
from the whole human body is approximately 60�180 W depending on body
activity (Riemer & Shapiro, 2011), which is a very attractive energy source.
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Thus, thermoelectric generators have attracted the attention of academic researchers.
Elmoughni et al. report a textile-integrated thermoelectric generator for body heat
harvesting to power wearable electronics (Elmoughni et al., 2019). A 32-leg device
with a modest fill factor (� 30%) is fabricated on a commercial sports fabric substrate
via stencil and transfer printing techniques (shown in Fig. 12.9F). The textile-
integrated thermoelectric generator yields an open circuit voltage of � 3 mV at
ΔT5 3 K (Elmoughni et al., 2019). The fabrication technology offers new opportu-
nities for advancing thermoelectric material integration into clothing.

12.3.4 Bioresorbable materials and devices
Biodegradable electronics that can partially or completely decompose, dissolve, degrade,
resorb or physically disappear into physiological or environmental solutions in a well-
regulated way, after the desired lifetime, thereby eliminating the costs, complications, and
risks associated with secondary surgical procedures for device retrieval (Choi et al., 2020; Li
et al., 2018; Rajaram et al., 2022; Singh et al., 2000). This chapter focus on inorganic bior-
esorbable electronic systems in biomedicine fabricated by transferring printing technology.
Compared to organic materials, inorganics offer excellent electrical performance. Inorganic
biodegradable materials include monocrystalline silicon (mono-Si), polycrystalline silicon
(poly-Si), amorphous silicon (a-Si), germanium (Ge), silicon germanium alloy (SiGe),
indium�gallium�zinc oxide (a-IGZO), and zinc oxide (ZnO) for semiconductors; magne-
sium (Mg), molybdenum (Mo), tungsten (W), iron (Fe), and zinc (Zn) for conductive
materials; and magnesium oxide (MgO), silicon dioxide (SiO2), and silicon nitride (SiNx)
for dielectric materials (Li et al., 2018). Biodegradable electronics have been made for a
variety of biomedical applications, such as biomedical sensors, stimulators, and photonic
devices. Fig. 12.10A shows the representative flexible biodegradable circuit based on dis-
solvable inorganic silicon-based CMOS, including transistors made by Si/MgO/Mg, diodes
made by Si, and inductors and capacitors made by Mg/MgO, as well as resistor and con-
nection wires made by Mg. Si-based COMS is the key component of the electronics,
which is fabricated on an SOI wafer and transferred onto a silk substrate (Hwang et al.,
2012). All of the components, including inductors, capacitors, resistors, diodes, transistors,
interconnects, substrates, and encapsulation layers, disintegrate and dissolve over controlled
periods when immersed in deionized (DI) water (Fig. 12.10).

Various transient sensors fabricated by inorganic biodegradable materials are pro-
posed. As shown in Fig. 12.10B (Hwang et al., 2015), The transient stretchable pH
sensors are built using doped Si nanoribbons via transfer printing technology. Mg
serves as the electrodes and interconnects, and SiO2 serves as the interlayer dielectrics
and encapsulants. Studies show that dissolve kinetics depend strongly on temperature,
pH, and ionic content/concentration of solutions, as well as the morphologies of the
materials. Kang et al. report a biodegradable pressure sensor based on the piezoresistive
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Figure 12.10 Bioresorbable materials and devices. (A) The transient electronics platform: includes
transistors, diodes, capacitors, and resistors. (B) The transient electronics and biosensors based on

(Continued )
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Si nanomembrane (Kang et al., 2016). Si nanomembrane is formed on SOI wafer and
then transferred onto poly (lactic-co-glycolic acid) (PLGA) substrate. The resistance of
this sensing element increases monotonically in a linear fashion across the full range of
pressures that are relevant to intracranial monitoring (that is, 0�70 mmHg).
Monocrystalline silicon nanomembrane array can also be used to fabricate ECoG elec-
trodes, as shown in Fig. 12.10C (Yu et al., 2016). In vivo studies confirm the capabil-
ity for recording electrophysiological signals from the cortical surface and the subgaleal
space. The devices detect normal physiologic and epileptiform activity, both in acute
and chronic recordings. Yang et al. report a sensor for the onset of water penetration.
The failure of implanted electronic devices mostly starts from water penetration.
Evaluating water penetration can be extremely useful in cases where the encapsulation
unexpectedly fails for implantable electronics. A schematic illustration of water pene-
tration is shown in Fig. 12.10D (Yang et al., 2020). the addition of an Mg resistor at
the middle position of the PLGA layer underneath the Si micromembranes (MMs)
can serve as a sensor for water penetration. Si MM is fabricated on SOI substrate and
transferred onto PLGA as an encapsulation layer. The studies show that the sudden
increase in Mg resistance can reflect water penetration. A transient electrochemical
sensor is shown in Fig. 12.10E (Kim et al., 2018). Ultrathin monocrystalline silicon
nanomembranes coated with iron (Fe)-containing nanoparticles (NPs) as a catalyst
serve as active sensing elements for continuous, real-time monitoring of dopamine
secretion, which is integrated with biodegradable polycaprolactone substrate via trans-
fer printing. All of the materials are gradually hydrolyzed or dissolved in the PBS
(pH 11, 37�C) via reactive diffusion, and most of the components disappear in
� 15 hours. Dissolution rates can be adjusted by pH, temperature, and ionic contents
and concentrations of solutions.

�

biodegradable silicon nanomembranes; Upper: the exploded view schematic illustration of the
device; Bottom: the optical microscope image of an individual pH sensor (left) and its magnified
view. (C) The bioresorbable neural electrode array for ECoG and subdermal EEG measurements
based on silicon electronics. (D) The bioresorbable sensor for the onset of water penetration in the
intracranial space. (E) The transient electrochemical sensor based on silicon nanomembranes.
(F) The bioresorbable electronic neuro regenerative medical device. (G) The transient photonic plat-
form for the continuous monitoring of cerebral temperature, oxygenation and neural activity in
freely moving mice. (A) Reproduced with permission from. Copyright r 2012, American Association
for the Advancement of Science; (B) Reproduced with permission from. Copyright r 2015 American
Chemical Society; (C) Reproduced with permission from. Copyright r 2016, Nature Publishing Group;
(D) Reproduced with permission from. Copyright r 2020 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim; (E) Reproduced with permission from. Copyright r 2018 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim; (F) Reproduced with permission from. Copyright r 2018, The Author (s), under exclu-
sive licence to Springer Nature America, Inc; (G) Reproduced with permission from. Copyright r 2019,
The Author (s), under exclusive licence to Springer Nature Limited.
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Koo et al. report a bioresorbable, wireless electrical stimulator used as an electronic
neuro-regenerative medical device (shown in Fig. 12.10F) (Koo et al., 2018). The
stimulator includes a loop antenna made of Mg, a RF diode made of silicon nano-
membrane with electrodes of Mg, a parallel plate capacitor made of Mg/SiO2/Mg,
and a stimulation electrode made of Mg or Mo strip. In vivo experiments demonstrate
that electrical stimulation enables enhances and accelerates neuron functional recovery.

Implantable biodegradable photonic devices are composed for the spectroscopic
characterization of targeted tissues and biofluids. As shown in Fig. 12.10G (Bai et al.,
2019), the devices incorporate a collection of bioresorbable optical components which
are heterogeneously integrated into PLGA fiber via the transfer printing method, includ-
ing single-junction PDs based on Si nanomembranes; foundry-produced tri-color PDs
based on tri-layer stacks of Si P�N junctions; optical multilayer filters of SiOx and SiNy.
The devices are implanted into deep brain regions of freely moving mice for continuous
absorption spectroscopic analysis of biochemical and physiological status.

12.4 Conclusion

This chapter provides an overview of heterogeneously integrated inorganic materials and
devices for biomedical applications. Diverse and disparate classes of materials and func-
tional devices, including metals, oxides, semiconductors, 2D materials, biomaterials,
optoelectronics, energy-harvesting devices, and bioresorbable materials and devices, can
be assembled into single and multifunctional systems. Such materials and functional
devices can serve a variety of roles in bioelectronic devices, such as electrodes, antennae,
heat sinkers, sensors, stimulators, and energy harvesters. Transfer printing is a highly ver-
satile technique for the heterogeneous integration of bioelectronic devices with other
components and circuits in 2D and 3D layouts. This technology enables the cointegra-
tion of a broad spectrum of materials regardless of conditions for their growth, deposi-
tion, or patterning, and thereby maximizes their performance and cost-effectiveness or
imparts novel hybrid functionalities. More and more multifunctional bioelectronic
devices will be developed via transfer printing technology. These multifunctional bioe-
lectronic devices can provide unprecedented advantages in healthcare applications.
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