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Abstract: Recent progress in fabricating flexible electronics has been significantly developed because
of the increased interest in flexible electronics, which can be applied to enormous fields, not only
conventional in electronic devices, but also in bio/eco-electronic devices. Flexible electronics can
be applied to a wide range of fields, such as flexible displays, flexible power storages, flexible
solar cells, wearable electronics, and healthcare monitoring devices. Recently, flexible electronics
have been attached to the skin and have even been implanted into the human body for monitoring
biosignals and for treatment purposes. To improve the electrical and mechanical properties of
flexible electronics, nanoscale fabrications using novel nanomaterials are required. Advancements in
nanoscale fabrication methods allow the construction of active materials that can be combined with
ultrathin soft substrates to form flexible electronics with high performances and reliability. In this
review, a wide range of flexible electronic applications via nanoscale fabrication methods, classified as
either top-down or bottom-up approaches, including conventional photolithography, soft lithography,
nanoimprint lithography, growth, assembly, and chemical vapor deposition (CVD), are introduced,
with specific fabrication processes and results. Here, our aim is to introduce recent progress on the
various fabrication methods for flexible electronics, based on novel nanomaterials, using application
examples of fundamental device components for electronics and applications in healthcare systems.

Keywords: flexible electronics; nano-fabrication; top-down approaches; bottom-up approaches

1. Introduction

Currently, standard electronic devices require multi-functional platforms in a limited substrate
area. To keep in pace with the demands of the device users, nanofabrication processing for flexible
electronics [1–5] has been deeply studied in a variety of fields, such as multifunctional energy
storage devices [6–8], wearable devices for human healthcare [9–12], and displays [13–15], with great
practicality and reliability.

More specifically, the approaches to device fabrication with mechanical flexibility can be divided
into two dominant processes, namely, top-down [16–19] and bottom-up [20–22] approaches. The main
differences between the top-down and the bottom-up approaches are the mechanisms and methods
for the initial state, such as from the bulk-structure to the desired flexible device for top-down, or the
complete opposite method for bottom-up. Here, we introduce ultrathin nano-material structures
and fabrication methods that allow assemblies of heterogeneously integrated functional materials
onto soft substrates, with all of the active components maintaining excellent electronic functionality.
In addition, we focus on well-designed unconventional biomedical devices using the top-down
approach and multifunctional flexible sensors from the bottom-up approach, including a flexible
graphene transistor, photonic device, MoSe2 transistor, and light emitting diode (LED) for the initial
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components. These flexible and stretchable electronic systems, with performances that reach or exceed
the levels of conventional electronic systems, are classified. This review summarizes some recent
progress in the field of micro- and nano-electronics and showcases the practical applications of the
novel electronic devices.

2. Novel Devices Designed by Top-Down Nanofabrication

2.1. Introduction to the Top-Down Approach

The top-down approach is a process where the structure is removed from a larger substance.
In particular, in the area of macro-electronics, the top-down approach is more desirable because
various materials can be produced by conventional lithographic processes [23,24] and etching
techniques [25–27]. The lateral dimensions of this method can range from tens of nanometers to
the millimeter scale. Additionally, freestanding single-crystal sheet types can be created from wafers
by employing an embedded release layer so as to yield flexible systems. Thus, nanostructures are
synthesized by etching the layers on a substrate. However, it is impossible to conduct the entire
procedure on a flexible substrate, because certain processes, such as the doping process and chemical
vapor deposition (CVD), require high temperatures that significantly deform flexible substrates [28].
To resolve this issue, a transfer-printing process and a method of releasing from the rigid substrate
are integrated to form flexible electronics [29–36]. Here, various flexible electronic devices that are
fabricated using the top-down approach, are introduced.

2.2. Transfer-Printed Graphene Lines for Flexible Transistor

Recent work demonstrates that graphene-based electrolyte-gated transistors (EGTs) can be
introduced as a platform via transfer printing with a silicon stencil, to produce graphene lines [37].
The transfer printing process, which is conducted with a viscous graphene-flake ink, enables transistors
to maintain their great electrical performance, while achieving a high printing resolution with
flexibility and a scalability at low cost; such results are not easily achieved by the conventional
rigid substrate-based fabricating processes. Figure 1a shows the schematics of the detailed fabrication
steps, starting with the spin-casting of a Cytop film on the micro-lithographically patterned Si wafer
to design a mold. Then, graphene ink is squeezed through the line-holes of the Cytop/Si stencil,
forming five groups of graphene lines using the differences in surface energies and wetting properties
at the interface of the mold and ink. After the annealing of the graphene film, the graphene lines
are ready to be transferred onto a flexible substrate. Figure 1b shows the specific procedures for
transfer printing graphene lines onto a polyethylene terephthalate (PET) substrate. A liquid Norland
Optical Adhesive (NOA73, Norland Products, Inc., Cranbury, NJ, USA) is coated on the graphene lines,
and then the ultraviolet (UV) light is illuminated at the backside of the O2-plasma-treated PET substrate.
The graphene lines are subsequently peeled-off from the Cytop/Si mold by the UV-cured NOA73
adhesive layer. Figure 1c shows the flexible aerosol-jet printed transistors, which are fabricated on the
basis of poly(3-hexylthiophene) (P3HT, Sigma-Aldrich, Saint Louis, MO, USA) as the semiconductor,
ion gel for the gate dielectric and graphene lines for the source-drain contact pads. Figure 1d,e present
the transfer characteristics and output characteristics of the device, respectively. These two graphs
show the operation of the transistor with negligible drain current (ID) hysteresis and clear ID saturation.
This unconventional fabrication process of graphene transistors provides benefits for circuit design,
and by increasing the packing density with transfer printing, assures compatibility for the scalable
manufacturing of the flexible devices.
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Figure 1. Graphene lines-based flexible transistor/hydroxypropyl cellulose (HPC) photonic thin film 
with a hexagonal nanopillar structure: (a) a schematic of the fabrication of the Cytop/Si mold; (b) 
simple procedures for transferring graphene lines from the Cytop/Si mold to the polyethylene 
terephthalate (PET) flexible substrate; (c) an image of flexible electrolyte-gated transistor (EGT) 
arrays, the magnified picture shows the composition of each transistor; (d,e) the transfer and output 
characteristics of the graphene electrodes, Reproduced with permission from 2017 ACS NANO [37]; 
(f) images of an HPC photonic crystal (top) and its mechanical flexibility with a free-standing property 
of the design (bottom); (g) schematics of two fabrication processes to make HPC photonic films-hot 
embossing and replica molding methods. The blue-colored slide indicates the glass substrate, the 
green one for HPC, and the brown one for hard polydimethylsiloxane (h-PDMS); (h) special 
hexagonal nanopillar images obtained by scanning electron microscopy (SEM) in the lateral view. 
Paper substrates are used to imprint the predesigned nanopattern. Reproduced with permission from 
2018 Nature [38]. 

2.3. Flexible Photonic Device with Hexagonal Structures 

Flexible photonic and plasmonic devices based on eco-friendly hydroxypropyl cellulose (HPC) 
are introduced in Figure 1f [38]. In general, when the nanoscale celluloses exist in the form of fibers, 
they may not be seen as white in color, but are seen as possessing a transparent or iridescent property. 
This optical property can be arbitrarily adjusted by the structure of the particles via either the 
amorphous state or the single-crystalline state. Using the special chiral behavior [39–42] that is 
possessed by an HPC solution, a simple nanostructured design provides an enhanced 

Figure 1. Graphene lines-based flexible transistor/hydroxypropyl cellulose (HPC) photonic thin film
with a hexagonal nanopillar structure: (a) a schematic of the fabrication of the Cytop/Si mold; (b) simple
procedures for transferring graphene lines from the Cytop/Si mold to the polyethylene terephthalate
(PET) flexible substrate; (c) an image of flexible electrolyte-gated transistor (EGT) arrays, the magnified
picture shows the composition of each transistor; (d,e) the transfer and output characteristics of the
graphene electrodes, Reproduced with permission from 2017 ACS NANO [37]; (f) images of an HPC
photonic crystal (top) and its mechanical flexibility with a free-standing property of the design (bottom);
(g) schematics of two fabrication processes to make HPC photonic films-hot embossing and replica
molding methods. The blue-colored slide indicates the glass substrate, the green one for HPC, and the
brown one for hard polydimethylsiloxane (h-PDMS); (h) special hexagonal nanopillar images obtained
by scanning electron microscopy (SEM) in the lateral view. Paper substrates are used to imprint the
predesigned nanopattern. Reproduced with permission from 2018 Nature [38].

2.3. Flexible Photonic Device with Hexagonal Structures

Flexible photonic and plasmonic devices based on eco-friendly hydroxypropyl cellulose (HPC)
are introduced in Figure 1f [38]. In general, when the nanoscale celluloses exist in the form of
fibers, they may not be seen as white in color, but are seen as possessing a transparent or iridescent
property. This optical property can be arbitrarily adjusted by the structure of the particles via
either the amorphous state or the single-crystalline state. Using the special chiral behavior [39–42]
that is possessed by an HPC solution, a simple nanostructured design provides an enhanced
photoluminescence and the potential of a HPC plasmonic membrane in the role of an optical device.
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The core fabrication process is focused on exploiting soft lithography [43–47] rather than using
conventional photolithography or a growth method. Soft lithography realizes a cost-effective process
with large-area patterning, ensuring enhanced reproducibility. Figure 1g shows two specific approaches
that are used to fabricate photonic HPC films. The first one is the hot-embossing process. Spin-casted
HPC on a rigid substrate is heated, which is followed by a hard polydimethylsiloxane (h-PDMS)
compound-based patterning. Then, the HPC photonic film is transferred onto the flexible substrate
in order to complete the device fabrication. The second method is to use a replica molding process.
On the surface of an h-PDMS mold, the HPC solution is poured and dried by applying heat. Finally,
a free-standing, flexible photonic HPC film is obtained by peeling from the PDMS mold. The complete
structures that are acquired from both methods are nearly identical, but the hot-embossing process
presents a product with a better optical property. After thdepositing and patterning a metal on the HPC
photonic film, the fabrication of the HPC film can be completed. Figure 1h shows the scanning electron
microscopy (SEM) image of the plasmonic HPC film that has been patterned with arrays of a hexagonal
lattice structure. This unique nanostructure upgrades the photoluminescence by maintaining its
iridescent property with amplified optical extinction spectra.

2.4. Novel Biomedical Electronics—Piezoelectric Probes for Biopsy Diagnosis

Flexible electronics that are fabricated by top-down approaches can be directly applied to medical
applications because of the absence of a mechanical mismatch between the flexible electronics and the
organs or tissues of the human body. The contents that are to be introduced next are new bio-integrated
devices, which can be widely applied in medical treatment/diagnosis. Here, we introduce the
devices that can be formed by lifting off a thin layer from a temporary substrate using chemical
dissolution [48,49], then, by transfer printing the completed electronic systems from a rigid substrate
to a flexible substrate.

In the first instance, to distinguish the normal tissue from abnormal, a highly flexible microscale
piezoelectric device is developed [50]. Exploiting the alteration of the mechanical properties of
tissue modulus in accordance with lesion expression [51–55], a novel minimally invasive probe offers
quantitative agreement with clinical insights. The magnified schematic views of the specific structures
are shown in Figure 2a. The thin, photolithographically patterned and defined triple-layer membrane,
which is composed of Au/Cr, the piezoelectric material lead zirconate titanate (PZT), and Ti/Pt,
is used as both an actuator and a sensor, simultaneously. Each of the components is transfer-printed
onto the polyimide (PI) substrate from the donor wafer, regardless of the structure, in the form of
either a free-standing device or integrated on a biopsy needle. After encapsulating the triple layer
with PI, another layer of PI is used for encapsulation, after the deposition of the interconnecting Au
lines. Figure 2b shows the images of the freestanding probe that has been placed into a biological
tissue environment and the device has been wrapped around the surface of a conventional biopsy
needle. The bottom right magnified image in Figure 2b designates the point of the actuator/sensor
region on the needle. The fundamental device operation is based on the piezoelectric effect [56–60].
When the device achieves conformal contact with the tissue interface, the induced potential results
in the piezoelectric strain at the actuator. The tissue that exhibits the deformation transfers this
force to the sensor, and then, a portion of the strain force is changed into a certain value of voltage,
thereby realizing the measurement of the tissue modulus. Figure 2c shows the results of the tissue
modulus determination that has been conducted in human organs, such as fresh lung, adrenal gland,
and fresh cirrhotic liver, as well as in a hepatocellular carcinoma. As estimated, Figure 2c provides the
information that the cirrhotic liver maintains an average modulus of approximately 10 kPa, while the
cancerous hepatocellular tissue reaches a peak modulus of approximately 23 kPa. The modulus graph
in Figure 2d also shows the different modulus values that have been acquired between the fresh tissue
and the abnormal tissue regions in the human thyroid and a formalin-treated kidney. In this example,
the devices offer an underwork for the modulus-measuring platforms for biopsy guidance, based on
magnetic resonance elastography [61–65].
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Figure 2. Flexible, piezoelectric tissue modulus recording probes: (a) Illustrations of two main 
piezoelectric material lead zirconate titanate (PZT)-based modulus probes, the free-standing device 
(left) and the conformally attached device on a biopsy needle (right); (b) pictures of self-standing 
devices (top) and the device on a biopsy needle (bottom), an inset picture (top, upper-right) designates 
a sensor/actuator pair, and the other inset picture (top, down-right) shows a row of completed designs. 
The magnified picture (bottom) shows specific actuator/sensor sites; (c,d) the measured modulus 
results for human tissues in a variety of organs using the PZT-based probe, the inset pictures of the 
upper-left side of the respective graphs show the optical images of organs in which modulus sensing 
is conducted. Reproduced with permission from 2018 Nature [50]. 

2.5. Novel Biomedical Electronics—Implantable, Soft Electronic Systems for Optical Stimulation 

The top-down approach for nanopatterning can also be extensively applied to electrophysiology 
mapping [66–69] and electrical/optical stimulating systems [70–76]. Recently, opto-genetics have 
been extensively studied because of its delicate controllability of neural activity by selectively 
modifying channel-rhodopsin-treated genes with light. An entirely seamless implantable 
optoelectronic device, which lets axons react directly in accordance with light stimulation, is 
introduced in Figure 3a [77]. The radio-frequency (RF) harvesting unit rectifies the signals that have 
been received from the transmitter and routes the output current for the optical energy (LED). Then, 
an interconnected serpentine-structured Ti/Au antenna layer diminishes the resonant frequency 
while maintaining a wide-bandwidth requisite for efficient energy harvest at certain frequencies. The 
fabrication process for the device is initiated from the spin-casting of polyimide (PI) onto polymethyl 
methacrylate (PMMA) that has been coated on a glass surface. Then, a bilayer of Ti/Au is deposited 
by an e-beam evaporator and it is photolithographically patterned into the serpentine structure to 
form an antenna. After encapsulating the completed device with polydimethylsiloxane (PDMS), this 
component is immersed in an acetone solution so as to dissolve the PMMA layer. Finally, the thin 
free-standing composite optogenetic device is released from the glass, which results in a soft, flexible 
property. This flexible, stretchable state optimizes the conformal contact between the surface of the 
tissue and the device. An optogenetic control experiment is conducted, mainly in two parts, namely, 

Figure 2. Flexible, piezoelectric tissue modulus recording probes: (a) Illustrations of two main
piezoelectric material lead zirconate titanate (PZT)-based modulus probes, the free-standing device
(left) and the conformally attached device on a biopsy needle (right); (b) pictures of self-standing
devices (top) and the device on a biopsy needle (bottom), an inset picture (top, upper-right) designates
a sensor/actuator pair, and the other inset picture (top, down-right) shows a row of completed designs.
The magnified picture (bottom) shows specific actuator/sensor sites; (c,d) the measured modulus
results for human tissues in a variety of organs using the PZT-based probe, the inset pictures of the
upper-left side of the respective graphs show the optical images of organs in which modulus sensing is
conducted. Reproduced with permission from 2018 Nature [50].

2.5. Novel Biomedical Electronics—Implantable, Soft Electronic Systems for Optical Stimulation

The top-down approach for nanopatterning can also be extensively applied to electrophysiology
mapping [66–69] and electrical/optical stimulating systems [70–76]. Recently, opto-genetics have been
extensively studied because of its delicate controllability of neural activity by selectively modifying
channel-rhodopsin-treated genes with light. An entirely seamless implantable optoelectronic device,
which lets axons react directly in accordance with light stimulation, is introduced in Figure 3a [77].
The radio-frequency (RF) harvesting unit rectifies the signals that have been received from the
transmitter and routes the output current for the optical energy (LED). Then, an interconnected
serpentine-structured Ti/Au antenna layer diminishes the resonant frequency while maintaining a
wide-bandwidth requisite for efficient energy harvest at certain frequencies. The fabrication process
for the device is initiated from the spin-casting of polyimide (PI) onto polymethyl methacrylate
(PMMA) that has been coated on a glass surface. Then, a bilayer of Ti/Au is deposited by an e-beam
evaporator and it is photolithographically patterned into the serpentine structure to form an antenna.
After encapsulating the completed device with polydimethylsiloxane (PDMS), this component is
immersed in an acetone solution so as to dissolve the PMMA layer. Finally, the thin free-standing
composite optogenetic device is released from the glass, which results in a soft, flexible property.
This flexible, stretchable state optimizes the conformal contact between the surface of the tissue and
the device. An optogenetic control experiment is conducted, mainly in two parts, namely, underneath
the gluteus maximus muscle and in the epidural space in the lumbar spinal cord of mice, as shown in
Figure 3b,c. In order to determine the device functionality as an optogenetic platform, an experiment
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of Ch R2 activation for the nociceptive reaction of mice with spontaneous pain expression, following
space abhorrence, is conducted. Figure 3d,e demonstrates the nociceptive pathways via the LED
stimulation of the device that is fully implanted at the sciatic nerve and in the epidural space in the
Ch R2 expressive mice, respectively. A rotarod test is conducted so as to identify the motor activity of
the experimental rodent that has been affected by the performance of the LED stimulator (Figure 3i).
The result proves that there is no change in the balance of the device. For specific experimental data,
both mice expressing the Ch R2 and the control units are introduced to a y-shaped maze, where the
mice can arbitrarily move to either side of the maze. In particular, at the left side of the passage in the
y-shaped maze, there is an RF antenna that turns on the implanted LED, as illustrated in Figure 3h.
Figure 3f,g show the number of nociceptive expressions and the trend of space abhorrence checking
times of staying by the Advillin-Ch R2 for sciatic nerve-implanted mice, SNS-Ch R2 in the epidural
space of spinal cord of mice, and the control units, according to the LED illumination. This result
shows the expected correlation for stimulation, which presents the potential for the clinical device as
a novel optogenetic therapy system [78,79] with great advantages, such as physical tether-free and
external-feature-free characteristics.
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an illustration of the nociception path with an LED stimulator in a sciatic nerve and epidural space; 
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Figure 3. Fully implantable, flexible system for a wireless optogenetic stimulator with related
experiments. (a) Schematic of a fully implantable, flexible electronic system for a wireless optogenetic
stimulator; (b) images of the sciatic insertion surgery to implant the completed device into the spinal
cord. The wing-shaped light emitting diode (LED) extension site passes from the gluteus maximus
to the sciatic nerves; (c) a similar implantation is conducted at the epidural space in the spinal cord;
(d,e) an illustration of the nociception path with an LED stimulator in a sciatic nerve and epidural space;
(f,g) graphs of number of adverse behaviors/time in y-maze observed by the Advillin-ChR2-treated
rodents in accordance with the LED stimulation in the sciatic nerve and epidural space; (h) an illustration
of the experimental y-maze. Using radio-frequency (RF) signal, pathways are separated by LED on/off
environments; (i) the graph of a rotarod performance result. This graph shows that motor activity does
not change the entire performance of the device. Reproduced with permission from 2015 Nature [77].
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2.6. Novel Biomedical Electronics—Cardiac Patches for Electrical Sensing, Stimulation, and Drug Delivery

The method of releasing an active device from a rigid substrate to obtain device mechanical
flexibility is efficiently used in multifunctional cardiac patches (Figure 4a) [80]. These novel cardiac
patches are composed of three main parts, namely, an electronic system for sensing and stimulating,
electroactive polymer-deposited electrode sites for chemical factor diffusion to control cellular function,
and three-dimensional (3D) dense nanofiber scaffolds in the cardiac cell environment. A detailed
fabrication process is illustrated in Figure 4b. The device fabrication begins with depositing nickel as a
relief layer onto a silicon substrate. Then, the spin-casting and curing of SU-8 photoresist on the surface
of the Ni layer occurs, which is followed by the Cr/Au metal lift-off process. Subsequently, a titanium
nitride (TiN) layer is deposited on the gold pads by sputtering, so as to increase their surface area.
The passivated components of the design are released from the previous silicon substrate, and the
remaining free-standing, flexible structure is obtained by etching the Ni relief layer using nitric acid.
Figure 4c is an image of the flexible device, which consists of 32 electrodes with an SU-8 mesh structure.
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Figure 4. Multifunctional electronic system with biomaterial-based three-dimensional (3D) scaffold
cardiac patches/multiplexed bio-resorbable silicon-based design for brain mapping. (a) Designed
cardiac patches for recording electrical tissue activity/providing electrical stimulation/spatial releasing
of biochemical factors; (b) the detailed fabrication process of the cardiac patches, the upper picture
is the side view and the bottom picture is the top view of the device. The components include the
temporary silicon wafer (blue), nickel layer (gray), SU-8 resist (green), and Au (yellow). (1) Deposition
of a 20 nm nickel relief layer; (2) photolithography of SU-8 for the mesh structure; (3) patterning and
Cr/Au deposition followed by the metal lift-off process and titanium nitride (TiN) layer deposition;
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(4) coating the substrate with a uniform layer of SU-8, followed by photolithography, and curing and
releasing the device from the substrate by etching the nickel layer with nitric acid; (c) a picture of a
flexible device comprising 32 gold electrodes with a mesh of SU-8; (d) an SEM image of larger-sized
electrodes in the cardiac patches with nanofiber-based 3D scaffolds; (e) a schematic of foldable patches
with a conformal cell culture (left). The brown dots are electrodes that are used to release chemical
factors, the gray serpentine lines are compounds of the 3D biomaterial scaffolds, and the pink lines are
seeded cardiac cells. An image of the device in cell cultures (right); (f) the results of electrical signals
from cardiac tissues recorded by nine gold electrodes; (g) images of increased signal frequency after
treating with a neurotransmitter(norepinephrine) on the tissue (top) and integrated recordings through
calcium imaging (bottom). Reproduced with permission from 2016 Nature [80]; (h) an enhanced
schematic of the composition of an actively multiplexed brain-mapping sensor based on the highly
doped SiNM; (i) a bio-resorbable device in phosphate buffer saline (PBS) with a reference electrode
(top) and a magnified image of the implanted device at the left side of a rat hemisphere (bottom);
(j) epilepsy signal-traced brain mapping results acquired by electrode channels from the device with
various spikes. Reproduced with permission from 2016 Nature [81].

Fascinating cardiac cell cultures are optimized by the stitched-structure-like nanofiber-based
biomaterial scaffolds. As shown in Figure 4d, the integration of the biomaterials gives the potential for
on-demand drug release to control tissue functions without interfering with the seeding of cardiac
cells. The schematic representation and picture of a device that has been cultivated in the cardiac site in
Figure 4e indicates the process for the cell culture and the foldable scaffold structure with reliable cell
viability. Electrical signal recordings that have been acquired by cardiomyocytes are done from nine
gold electrodes in the device, shown in Figure 4f. As a result, all nine of the electrodes show similar
results to the signals that have been generated by the cardiomyocytes. Figure 4g presents the results of
the cardiac patch sensing for a signal frequency twice as high as that of administering norepinephrine
and the integrated quantification recording, through calcium imaging.

2.7. Novel Biomedical Electronics—Bio-Resorbable, Ultraflexible Electronic Device for Transient
Brain Mapping

In addition to the ability to sense temporary electrophysiological signals from the brain,
a multiplexed bio-resorbable array of silicon transistor is introduced in Figure 4h [81]. This particular
device is implanted over the cortical surface of a rat brain and functions for a programmed time period,
resorbing in the body of the rat. Since the device only consists of biocompatible and biodegradable
materials, a secondary surgery to extract the device is not required. After recording the brain activities
for a predefined period of time, the device gradually dissolves in the body. The device is based on an
actively multiplexed array with Si nano-membrane (SiNM) and N-metal-oxide-semiconductor (NMOS)
transistors, which serve as the sites of the electrodes. The SiO2 layer serves as the gate insulator, and
the Mo serves as contacts for the source, drain, and gate. Two sets of triple layers of SiO2/Si3N4/SiO2

provide interlayer dielectric and encapsulation barriers. The fabrication begins with a silicon on
insulator (SOI) wafer, which is doped with phosphorous to form the source and drain for the NMOS
transistors. Then, the Si-NM layer is separated from the bulk Si wafer by dissolving a box SiO2 layer,
using hydrofluoric acid (HF). The Si-NM is then transfer-printed onto a thin PI/PMMA/Si substrate
using a PDMS stamp, followed by the isolation of the SiNM, depositions of SiO2 as the gate dielectric,
and Mo for the source, drain, and gate contacts, to form the active matrix. The device is encapsulated
and isolated with trilayer of SiO2/Si3N4/SiO2. Additionally, another layer of Mo is deposited via
holes that are separating the columns and rows to form interconnects. Finally, the encapsulation of the
device with another layer of a dilute PI and the formation of mesh structures by photolithography
leads to transferring the entire active layer to a bio-resorbable substrate. After dissolving the PMMA
layer using acetone to release the entire device, the mesh is consequently transferred onto the surface
of the bio-resorbable poly-(lactic-co-glycolic acid) (PLGA) substrate to finalize the device fabrication.
Soak testing is conducted in a phosphate buffer saline (PBS, pH 7.4) solution, as shown in Figure 4i
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(top). Figure 4i (bottom) shows an image of a conformally implanted bio-resorbable array in the left
hemisphere and the control electrode in the right hemisphere of an anaesthetized rat brain, for in vivo
recording. A series of eight movie frames from each epileptic spike activity, which are induced by
applying picrotoxin, are shown in Figure 4j. The electrical mapping results of different forms of spikes
(e.g., clockwise spiral, lower right to upper-left diagonal, upper left to lower-right diagonal, and right
to left sweep) that have been recorded from the electrodes clearly demonstrate the spatio-temporally
resolved neural propagation, thereby ensuring the potential for device use in the clinical arena or
health-care systems.

3. Novel Devices Designed by Bottom-Up Nanofabrication

3.1. Introduction to Bottom-Up Approach

The components of flexible electronic devices at the nanoscale can be fabricated using the stacking
of atoms or chemicals from the bottom to the top, referred to as bottom-up approaches. Such methods
have distinct advantages in certain aspects compared to top-down approaches. The device fabrication
process can be controlled precisely using bottom-up approaches and can be achieved at a relatively
lower temperature, so that there is no risk of substrate deformation as a result of the applied
heat [82]. There are various approaches to fabricate device components with novel materials using
bottom-up approaches, such as growth methods [83–87], assembly methods [88–90], and chemical
vapor deposition (CVD) [91–96]. Here, we introduce various applications for flexible electronic
devices that have been fabricated by bottom-up approaches, such as a flexible transistor based on
a MoSe2 film, flexible light emitting diodes (LEDs) [93], a flexible touch screen [90], flexible strain
sensors [83,88,89,97], and flexible temperature sensors [91].

3.2. Flexible Transistors Fabricated by Modified Chemical Vapor Deposition (mCVD)

As the most basic and necessary active device components in modern electronics, transistors have
been developed with efforts focusing on reducing their size and power consumption. Moreover,
researchers seek to find alternative materials for Si, which is mainly used as the material for
conventional electronic devices, because the limitations in fabrication to achieve smaller physical
dimensions give rise to low device packing densities. As a result of the mechanical rigidity of
conventional transistors, there are limitations in applying them to flexible electronic devices. Therefore,
flexible transistors have been widely studied. Here, transistors that are based on MoSe2 films have
been developed, which demonstrate high mobility and almost no difference in electrical performance,
according to the I–V curves that have been obtained at different bending radii [92]. With the
conventional chemical vapor deposition (CVD) process, large-scale MoS2 films have poor electrical
properties, such as field-effect mobilities lower than 15 cm2·V−1·s−1 [98–101]. To form a MoSe2 device
layer with a high field-effect mobility, a modified CVD (mCVD) process that uses the polycrystalline
compounds of MoSe2 as the precursor to directly synthesize the product on SiO2 is used. (Figure 5a) On
the polyethylene terephthalate (PET) substrate, Ti/Al gate electrodes were deposited by electron beam
evaporation and the dielectric material (SU-8 2000.5, MicroChem, Newton, MA, USA) was spin-coated.
Then, a single crystalline multilayer of MoSe2 flakes were transferred and the source-drain electrodes
were defined to form flexible MoSe2 transistors. High-mobility transistors based on a crystalline
MoSe2 film that have been grown on insulating SiO2 can be fabricated with a field-effect mobility
of 121 cm2·V−1·s−1. Figure 5b shows the fabricated flexible transistors with a bending radius of ‘r’.
Figure 5c shows the transfer curves of a MoSe2 transistor in different bending regimes. The black, red,
and green curves represent the MoSe2 thin-film transistor (TFT) without bending and with bending,
with radii of 10 mm and 5 mm, respectively. As a result, no significant changes or shifts in the transfer
curves are found while changing the bending radius of the device. Therefore, the MoSe2 TFTs that are
fabricated by the modified CVD process are robust to induce mechanical stress, while maintaining
their electrical performance.
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3.3. Flexible Light Emitting Diodes (LEDs) and Flexible Touch Screen

Flexible light-emitting diodes (LEDs) open the path to conformal displays on complex curvilinear
objects [102–104], healthcare devices [105,106], optoelectronic systems [107–109], instrumented surgical
gloves [110], etc. Nanowires is a well-known material that is used to fabricate flexible LEDs. Among
the various types of nanowires, nitride nanowires have remarkably good optoelectronics properties
with excellent resistance to mechanical deformation [111]. Here, flexible LEDs based on nitride
nanowires are introduced [93]. In particular, fully flexible blue LEDs using nanowires with a core/shell
of InGaN/GaN that are grown via metalorganic chemical vapor deposition (MOCVD) have been
demonstrated, as shown in Figure 6a. The fabricated blue LEDs (Figure 6b) show no degradation in
light brightness, down to a bending radius of 3 mm and without encapsulation, while the conventional
flexible LEDs require encapsulation barriers to protect the LEDs. In addition, two-layer bicolor flexible
LEDs based on nanowires emitting blue and green light at the same time, have been demonstrated
(Figure 6c). To fabricate the semitransparent green LED layer, which is the top layer of the two-layer
bicolor flexible LED, on a thin metal shell of Ni/Au, GaN nanowire arrays are embedded in PDMS
and are peeled off. Then, the whole layer is flipped to deposit Ti/Au, which serves as an arbitrary
substrate. Since the AgNWs provide a high electrical conductivity, silver nanowires (AgNWs) are
dispersed on the side opposite to the deposited Ti/Au (Figure 6d, 1–4). For the fabrication of the fully
transparent blue LED, the fabrication process is similar to that of semitransparent LED. However,
instead of the Ti/Au deposition, optically transparent AgNWs are dispersed on both sides of the
PDMS-encapsulated layer (Figure 6d, 5–8). The fabricated two-layer flexible LED shows no significant
performance degradation in I–V and electroluminescence (EL) characteristics at 3.5 mm and 2.5 mm
bending radii, with repeated bending cycles.

The touch screen is another application of flexible electronic devices that have been fabricated via
bottom-up approaches. Here, a solution-based self-assembled nanomesh, using aged gold nanowires
(AuNWs), is fabricated [90]. As Figure 6e shows, keeping fresh AuNWs for 12 h before drop-casting
forms aged AuNWs. The aged AuNWs self-assemble into bundles creating a continuous nanomesh
structure with a pore size of 8–52 µm. While the steric hindrance of the fresh AuNWs is stronger
than the wire-to-wire van der Waals force that maintains the ordered structure of nanomembrane,
the steric hindrance and the van der Waals force balance is destroyed for the aged AuNWs, which
creates bundles of AuNWs. As a result of the pores in the nanomesh from the aged AuNWs (Figure 6f),
the nanomesh film is transparent, while the nanomembrane that is formed by fresh AuNWs is not.
In addition, the nanomesh that is fabricated by the aged AuNWs is electrically conductive with a sheet
resistance of 130.1 Ω−1. The AuNW nanomesh can be transferred onto the polyethylene terephthalate
(PET) with a sacrificial layer of a mask sheet. With the removal of the sacrificial mask by peeling, using
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tape or washing with ethanol, the patterned AuNW nanomesh is preserved on the PET (Figure 6g).
The AuNW nanomesh can be utilized as an array of the pressure sensors for the flexible touch screen,
as shown in Figure 6h. The nanomesh film shows a similar level of pressure sensitivity compared to
that of commercial products [112].Micromachines 2018, 9, x 11 of 23 
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Figure 6. Flexible light emitting diodes based on vertically grown nitride nanowires/transparent and
flexible nanomesh via self-assembly of ultrathin gold nanowires to fabricate a flexible touch panel.
(a) An scanning electron microscope (SEM) image of a grown individual nanowire obtained with a tilt
angle of 45◦; (b) The flexibility of the fabricated nanowire blue LED; (c) A schematic of the bi-layer
flexible LED with a blue LED for the top layer and a green LED for the bottom layer; (d) A schematic of
the fabrication process for the semitransparent LED (1–4) and fully transparent LED (5–8), Reproduced
with permission from 2015 Nano Letters [93]; (e) A transmission electron microscopy (TEM) image of a
gold nanowires (AuNW) nanomembrane fabricated by a fresh AuNW solution and an SEM image of a
AuNW mesh film fabricated from an aged AuNW solution; (f) An optical image of the AuNW mesh
film with pores fabricated by the self-assembly method from an aged AuNW solution; (g) A schematic
of the patterning of the AuNW mesh film on PET; and (h) A flexible touch panel fabricated using the
AuNW mesh film. Reproduced with permission from 2016 Advanced Electronic Materials [90].
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3.4. Novel Flexible Sensors—Strain Sensors

One of the well-known applications of the flexible electronic devices are the flexible sensors.
Various types of substrate can be used for flexible strain sensors, from textiles to carbon-based materials.
In order to enhance the electrical characteristics of a fabric-based flexible strain sensor, nanowires
that are grown on the textile can be used [83]. Herein, a wireless flexible strain sensor is applied on a
commercial textile via the assembly of hybrid carbon materials at the nanoscale and piezo-resistive
ZnO nanowires (NWs) that have been grown on the commercial textile. The assembled hybrid carbon
nanomaterials provide excellent properties in terms of the robust electrical performances against
mechanical deformation from bending. On the pristine PET textile, carbon nanotubes (CNTs) and
reduced graphene oxide (rGO) are coated so as to provide an excellent growth condition for the ZnO
nanowires [113,114]. The coated hybrid carbon nanomaterials provide the continuous conductivity
and durability against the externally applied mechanical strain. Then, the ZnO-based texture-type
strain sensor is encapsulated with a thin PDMS layer (Figure 7a). Figure 7b,c show the current density
change with the bending and the release of the fabricated flexible textile strain sensor. The plots in
Figure 7c shows the flexible textile sensor monitoring the repeated bending and release of an arm up
to bending angles of 60◦ and 120◦, respectively. The assembled ZnO-3 on the PET substrate textile,
which is hybridized with carbon nanomaterials, has a twice-higher gauge factor (GF) of 7.64, than that
of ZnO-3 that has been assembled on a plain conventional PET film. This result implies that using
the fabric-like structure as the substrate for strain sensors culminates in high-pressure sensitivity and
stability at the same time.

Skin-like electronics, known as e-skins, have been widely studied because of their wide
applications, such as health monitoring, medical implantation, and integration of sensors. A wide
range of novel materials can be used to fabricate e-skins. Among those materials, graphene is currently
one of the most widely used materials to fabricate the active devices [115–118]. Here, a highly sensitive
flexible strain sensor for e-skins is developed using an ultrathin sensitive graphene film that is formed
through the self-assembly method [89]. The self-assembly method uses the specific affinity between
two molecules [119–121]. The molecules that are used to form a self-assembled layer have strong
interaction forces, which are noncovalent interactions, so that a monolayer can be formed tightly.
Van der Waals [122,123], hydrogen bonding [124], and π-π interactions [125,126] are the representative
examples of noncovalent interactions that are used in the self-assembly method. The Marangoni
effect [127–129], which is the phenomenon of transferring a group because of the difference of a
gradient between two different fluids’ surface tensions, is used to form an ultrathin graphene film
(UGF). Figure 7d shows the schematic of how the ultrathin graphene film (UGF) is formed by the
self-assembly method. Graphene flakes, with a thickness of 2.5 nm, are injected on the surface of
the deionized (DI) water, and ethanol is spread on the surface of the DI water. As a result of the
Marangoni effect, the ethanol with graphene flakes tend to move toward the high surface tension area,
where the DI water is richer than ethanol. Then, the transferred graphene flakes collide and compact
together via π–π interactions, forming a large area of UGF, as shown in Figure 7e. The whole process
of forming a large-area UGF of 150 cm2 takes only 5 s. The advantage of using the self-assembly
process that is introduced here, is that the self-assembly process can form the uniform UGF, while
the other methods, such as drop-casting and spin-coating, cannot. With the UGF that is formed by
the self-assembly method, the strain sensor can be fabricated. As shown in Figure 7f, the UGF is
transferred onto the mask, which is attached on the PDMS slab. After removing the mask to form
8 × 8 pixels, the electrodes are transferred to create an electronic skin with the tactile sensors. The UGF
that is formed by the self-assembly process shows an extremely high gauge factor (GF) of 1037 at a
low strain (2%). The resistance of the individual graphene flakes hardly changes because of the stable
crystal structure. However, using the tunneling effect [130] of the overlapped intersection area of the
self-assembled graphene flakes, the exceptionally high GF that has been shown in the result, can be
achieved. Figure 7g (top) shows the performance of the pressure sensor array, wrapped around the
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arm. As the strain is applied from the fingers, the spatially resolved pressure sensing can be monitored,
as shown in Figure 7g (bottom).
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generated via the growth of ZnO nanowires; (b,c) The bending and releasing of the cloth made by a
flexible textile strain sensor and the corresponding results according to the different bending angles of
the arm; Reproduced with permission from 2016 Advanced Functional Materials [83]; (d) Graphene
flakes forming the ultrathin graphene film (UGF) via the π-π interactions among each other; (e) Optical
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with permission from 2016 Advanced Materials [89].
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Graphene shows a remarkable electrical conductivity, mechanical strength, flexibility, and optical
transparency. With these properties, using the graphene and microstructured graphene that has been
obtained by the layer via a layer-by-layer (LBL) assembly method [131–134], an ultrasensitive pressure
sensor can be developed. The advantage of the LBL assembly method is the thickness of the LBL
assembled layer can be easily controlled through the adjustment of the number of layers and the
shape of the LBL assembled layer via uniformly distributed molecules on each layer. As a result ofthe
geometrical and self-limiting properties, the surface structure of the ultrathin film that has been formed
by the LBL assembly method can be designed in a variety of shapes, while this is not possible with
other methods, such as spin-coating or drop-casting [88]. Figure 8a shows the fabrication process of the
ultrasensitive flexible tactile sensor. With a KOH-etched Si master mold, pyramid shapes of PDMS can
be fabricated. Graphene oxide (GO) from graphite oxide is well suited for the LBL assembly because
the GO sheet has abundant negative charges with the hydroxy and carboxyl groups. After depositing
the GO sheets on the microstructured PDMS, which improves the sensitivity via structure, the GO
layers are treated with hydrazine vapor to form reduced graphene oxide (rGO), which consists of
electrically conductive graphene sheets [135,136]. The rGO sheets are sandwiched between the PDMS
and an indium tin oxide (ITO)-coated PET film to construct the pressure sensor unit. The tips of the
pyramid shapes of the rGO contact the ITO-coated PET film, which increase the sensitivity of the device.
Figure 8b shows the relative resistance changes (∆R/R0) of the pressure changes. The microstructured
film is highly sensitive over the unstructured film. The pressure-response curves of the microstructured
film can be subdivided into two parts, namely, highly sensitive at lower pressures with a range of
0–100 kPa, and a saturated sensitivity segment with a range above 100 kPa. At the lower pressure
range (0–100 kPa), the pressure sensitivity slope is −5.53 kPa−1, and at the saturation in the sensitivity
range (>100 kPa), the pressure sensitivity slope is −0.01 kPa−1. This means the highly sensitive flexible
tactile sensor is ultrasensitive at the lower pressure range of 0–100 kPa, with an ultrafast response time
of 0.2 ms. As Figure 8c shows, the ultrasensitive at a lower pressure range (0–100 kPa) pressure sensor
for e-skin has been developed.

In another example of a strain sensor for e-skin, the arrays of the stretchable transistors are
fabricated with components of polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS) as a flexible dielectric, a conjugated polymer/elastomer phase separation induced elasticity
(CONPHINE) film as the semiconductor, and spray-coated carbon nanotubes (CNTs) for electrodes [97].
Figure 8d shows the fabrication processes of the arrays of the stretchable transistors. Rigid Si/SiO2

is used as the bottom layer to fabricate the arrays, and on the top, water soluble dextran, which is
used as a sacrificial layer to separate the active layer from the rigid Si/SiO2 layer, is deposited via
spin-coating. Then, a stretchable dielectric, stretchable semiconductor, and stretchable conductor
(CNTs) are patterned. The SEBS is laminated on to function as the flexible substrate, and the CNTs are
patterned to form the gate electrodes. Figure 8e shows the schematic of the formed stretchable transistor.
The completed arrays of the stretchable transistors show a slight difference in the carrier mobility
when applying external stresses vertically and horizontally (Figure 8f). The average charge-carrier
mobility from the array of transistors that were recorded is 0.821 ± 0.105 cm2·V−1·s−1, with the
highest value of 1.11 cm2·V−1·s−1, an on/off current ratio of 104, and a low operation voltage of 10 V.
In addition, this stretchable transistor array consumes little power, which suggests its potential for use
as a self-powered e-skin (Figure 8f,g). Figure 8h shows the stretchable array of the transistors attached
onto a palm. The device can detect very small pressure changes with a high spatially resolved pattern
and sensitivity, even when an artificial lady bug sits on the device.
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Figure 8. Microstructured graphene arrays for sensitive flexible tactile sensors/electronic skin based
on a stretchable transistor array. (a) A schematic of the fabrication of a flexible tactile sensor device via
the layer-by-layer (LBL) assembly method. An ultrathin graphene film that detects applied pressure
is deposited on the PDMS film; (b) the pressure response curves of unstructured and structured
rGO/PDMS films. The slope of the relative resistance change is −5.53 kPa−1 at 100 Pa, which shows
very sensitive changes at lower pressures; (c) an image of the tactile senor applied on the flexible
substrate. Reproduced with permission from 2014 Small [88]. (d) a schematic of the fabrication
process for arrays of flexible transistors; (e) a magnified view of a flexible transistor exhibiting high
performance; (f) the mobility and threshold voltage changes when applying strain from 0% to 100%;
(g) the I–V characteristics of fabricated transistors, which have almost no hysteresis; (h) stretchable
arrays of transistors attached to the human palm with a small artificial lady bug with six legs and the
corresponding result from the stretchable sensor. Reproduced with permission from 2018 Nature [97].
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3.5. Novel Flexible Sensors—Temperature Sensor

Monitoring the body temperature is important since numerous diseases can be characterized by
abnormal changes of body temperature. Therefore, a precise and continuous temperature monitoring
device is required. Recent work presents a stretchable and flexible temperature senor in the form of
electronic skin, with a stable temperature sensing performance when an external strain is applied [91].
The device consists of a 5 × 5 single-walled carbon nanotube (SWCNT) TFT layer, two liquid metal
interconnection layers, and a layer of a 5 × 5 array of temperature sensors. On layer 1, the array of the
SWCNT TFTs are on a PET film, having been fabricated via a CVD process and transferred. Layer 2
and layer 3 are microchannel Ecoflex layers, which are formed on a microstructured mold. Layer 4
is the temperature sensing layer with polyaniline temperature sensors on a PET film. Four different
layers are electrically connected via a liquid metal that is a compound form of gallium, indium,
and tin (Figure 9a,b). Since the device consists of the thin soft elastomer (Ecoflex) and ultrathin active
components, the entire device can be stretched up to a strain of 30%, without device fracturing or
performance degradation. The completely fabricated temperature sensor can sense both heating and
cooling through the normalized resistance change, with respect to the temperature change. There is
no hysteresis found in the normalized resistance change for the heating and cooling. Figure 9c
shows that the temperature sensor array can be bent up to a radius of 14 mm, while maintaining its
electrical performances.Micromachines 2018, 9, x 17 of 23 
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Figure 9. Stretchable temperature sensor array for electronic skin. (a) A schematic of the fabrication of
the flexible and stretchable active matrix temperature sensor array; (b) the vertical schematic view of
the sensor (left) and injected liquid metal for gate/source lines; (c) an optical image of the bent sensor
with a radius of 14 mm. Reproduced with permission from 2016 Advanced Materials [91].

4. Conclusions

This review summarizes the most recent developments in the novel fabrication techniques of
flexible and stretchable electronics. Modulus-sensing biopsy probes, implantable optoelectronic
systems, multifunctional cardiac patches, and bio-resorbable transient brain-mapping electronic
designs are introduced in the contents of the top-down approach. Then, Au nanomembrane by
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self-assembly method for touch screen, flexible textile strain sensing system, graphene-based tactile
sensors, stretchable transistor arrays, and temperature sensor designs are also demonstrated in the
bottom-up contents. The graphene transistor, photonic devices, MoSe2 transistor, and LEDs are
also discussed in the introductory contents. Detailed fabrication methods that have been previously
mentioned, such as transfer printing with replica molding, transfer and releasing processes, growth,
and self-assembly shows that most of the processes are available commercially at low-cost with high
quality. These approaches are important because they strongly suggest solutions for high-temperature
processes, which are susceptible for the flexible substrate and high scalability in a short time that
conventional fabrication processes cannot achieve. Various techniques that have been introduced in
this review show the greatest potentials of flexible electronics used as clinical issues, human healthcare
system, and multifunctional sensing devices with optimistic practicality and reliability.

Author Contributions: K.K., Y.U.C., and K.J.Y. collected the data, contributed to the scientific discussions,
and co-wrote the manuscript.

Acknowledgments: K.K., Y.U.C., and K.J.Y. acknowledge the support from the National Research Foundation of
Korea (Grant No. NRF-2017M1A2A2048904) and the Yonsei University Future-Leading Research Initiative of 2017
(RMS22017-22-00).

Conflicts of Interest: The authors declare no competing financial interests.

References

1. Gates, B.D.; Xu, Q.; Stewart, M.; Ryan, D.; Willson, C.G.; Whitesides, G.M. New approaches to nanofabrication:
Molding, printing, and other techniques. Chem. Rev. 2005, 105, 1171–1196. [CrossRef] [PubMed]

2. Chen, Y.; Pepin, A. Nanofabrication: Conventional and nonconventional methods. Electrophoresis 2001, 22,
187–207. [CrossRef]

3. Gates, B.D.; Xu, Q.; Love, J.C.; Wolfe, D.B.; Whitesides, G.M. Unconventional nanofabrication. Annu. Rev.
Mater. Res. 2004, 34, 339–372. [CrossRef]

4. Quake, S.R.; Scherer, A. From micro-to nanofabrication with soft materials. Science 2000, 290, 1536–1540.
[CrossRef] [PubMed]

5. Yang, L.; Akhatov, I.; Mahinfalah, M.; Jang, B.Z. Nano-fabrication: A review. J. Chin. Inst. Eng. 2007, 30,
441–446. [CrossRef]

6. Wang, X.; Lu, X.; Liu, B.; Chen, D.; Tong, Y.; Shen, G. Flexible energy-storage devices: Design consideration
and recent progress. Adv. Mater. 2014, 26, 4763–4782. [CrossRef] [PubMed]

7. Chen, H.; Cong, T.N.; Yang, W.; Tan, C.; Li, Y.; Ding, Y. Progress in electrical energy storage system: A critical
review. Prog. Nat. Sci. 2009, 19, 291–312. [CrossRef]

8. Dong, L.; Xu, C.; Li, Y.; Huang, Z.-H.; Kang, F.; Yang, Q.-H.; Zhao, X. Flexible electrodes and supercapacitors
for wearable energy storage: A review by category. J. Mater. Chem. A 2016, 4, 4659–4685. [CrossRef]

9. Stoppa, M.; Chiolerio, A. Wearable electronics and smart textiles: A critical review. Sensors 2014, 14,
11957–11992. [CrossRef] [PubMed]

10. Zeng, W.; Shu, L.; Li, Q.; Chen, S.; Wang, F.; Tao, X.M. Fiber-based wearable electronics: A review of materials,
fabrication, devices, and applications. Adv. Mater. 2014, 26, 5310–5336. [CrossRef] [PubMed]

11. Tao, X. Wearable Electronics and Photonics; Elsevier: New York, NY, USA, 2005.
12. Mukhopadhyay, S.C. Wearable sensors for human activity monitoring: A review. IEEE Sens. J. 2015, 15,

1321–1330. [CrossRef]
13. Chen, Y.; Au, J.; Kazlas, P.; Ritenour, A.; Gates, H.; McCreary, M. Electronic paper: Flexible active-matrix

electronic ink display. Nature 2003, 423, 136. [CrossRef] [PubMed]
14. Chang, P.-L.; Wu, C.-C.; Leu, H.-J. Investigation of technological trends in flexible display fabrication through

patent analysis. Displays 2012, 33, 68–73. [CrossRef]
15. Chung, I.-J.; Kang, I. Flexible display technology—Opportunity and challenges to new business application.

Mol. Cryst. Liq. Cryst. 2009, 507, 1–17. [CrossRef]
16. Biswas, A.; Bayer, I.S.; Biris, A.S.; Wang, T.; Dervishi, E.; Faupel, F. Advances in top–down and bottom–up

surface nanofabrication: Techniques, applications & future prospects. Adv. Colloid Interface Sci. 2012, 170,
2–27. [PubMed]

http://dx.doi.org/10.1021/cr030076o
http://www.ncbi.nlm.nih.gov/pubmed/15826012
http://dx.doi.org/10.1002/1522-2683(200101)22:2&lt;187::AID-ELPS187&gt;3.0.CO;2-0
http://dx.doi.org/10.1146/annurev.matsci.34.052803.091100
http://dx.doi.org/10.1126/science.290.5496.1536
http://www.ncbi.nlm.nih.gov/pubmed/11090344
http://dx.doi.org/10.1080/02533839.2007.9671272
http://dx.doi.org/10.1002/adma.201400910
http://www.ncbi.nlm.nih.gov/pubmed/24913891
http://dx.doi.org/10.1016/j.pnsc.2008.07.014
http://dx.doi.org/10.1039/C5TA10582J
http://dx.doi.org/10.3390/s140711957
http://www.ncbi.nlm.nih.gov/pubmed/25004153
http://dx.doi.org/10.1002/adma.201400633
http://www.ncbi.nlm.nih.gov/pubmed/24943999
http://dx.doi.org/10.1109/JSEN.2014.2370945
http://dx.doi.org/10.1038/423136a
http://www.ncbi.nlm.nih.gov/pubmed/12736673
http://dx.doi.org/10.1016/j.displa.2012.03.003
http://dx.doi.org/10.1080/15421400903047950
http://www.ncbi.nlm.nih.gov/pubmed/22154364


Micromachines 2018, 9, 263 18 of 23

17. Khanna, V.K. Top-down nanofabrication. In Integrated Nanoelectronics; Springer: Berlin, Germany, 2016;
pp. 381–396.

18. Mijatovic, D.; Eijkel, J.C.; van den Berg, A. Technologies for nanofluidic systems: Top-down vs.
Bottom-up—A review. Lab Chip 2005, 5, 492–500. [CrossRef] [PubMed]

19. Molnár, G.; Cobo, S.; Real, J.A.; Carcenac, F.; Daran, E.; Vieu, C.; Bousseksou, A. A combined
top-down/bottom-up approach for the nanoscale patterning of spin-crossover coordination polymers.
Adv. Mater. 2007, 19, 2163–2167. [CrossRef]

20. Cavallini, M.; Facchini, M.; Massi, M.; Biscarini, F. Bottom–up nanofabrication of materials for organic
electronics. Synth. Met. 2004, 146, 283–286. [CrossRef]

21. Khanna, V.K. Bottom-up nanofabrication. In Integrated Nanoelectronics; Springer: Berlin, Germany, 2016;
pp. 397–417.

22. Lu, W.; Lieber, C.M. Nanoelectronics from the bottom up. Nat. Mater. 2007, 6, 841–850. [CrossRef] [PubMed]
23. Levinson, H.J. Lithography Process Control; SPIE Optical Engineering Press: Bellingham, WA, USA, 1999.
24. Watt, F.; Bettiol, A.; Van Kan, J.; Teo, E.; Breese, M. Ion beam lithography and nanofabrication: A review.

Int. J. Nanosci. 2005, 4, 269–286. [CrossRef]
25. Bondur, J.A. Dry process technology (reactive ion etching). J. Vac. Sci. Technol. 1976, 13, 1023–1029. [CrossRef]
26. Jansen, H.; Gardeniers, H.; de Boer, M.; Elwenspoek, M.; Fluitman, J. A survey on the reactive ion etching of

silicon in microtechnology. J. Micromech. Microeng. 1996, 6, 14. [CrossRef]
27. Yih, P.; Saxena, V.; Steckl, A. A review of SiC reactive ion etching in fluorinated plasmas. Phys. Status Solidi (b)

1997, 202, 605–642. [CrossRef]
28. Zardetto, V.; Brown, T.M.; Reale, A.; Di Carlo, A. Substrates for flexible electronics: A practical investigation

on the electrical, film flexibility, optical, temperature, and solvent resistance properties. J. Polym. Sci. B
Polym. Phys. 2011, 49, 638–648. [CrossRef]

29. Carlson, A.; Bowen, A.M.; Huang, Y.; Nuzzo, R.G.; Rogers, J.A. Transfer printing techniques for materials
assembly and micro/nanodevice fabrication. Adv. Mater. 2012, 24, 5284–5318. [CrossRef] [PubMed]

30. Hines, D.; Ballarotto, V.; Williams, E.; Shao, Y.; Solin, S. Transfer printing methods for the fabrication of
flexible organic electronics. J. Appl. Phys. 2007, 101, 024503. [CrossRef]

31. Lee, C.H.; Kim, D.R.; Zheng, X. Fabricating nanowire devices on diverse substrates by simple
transfer-printing methods. Proc. Natl. Acad. Sci. USA 2010, 107, 9950–9955. [CrossRef] [PubMed]

32. Lee, C.H.; Kim, D.R.; Zheng, X. Transfer printing methods for flexible thin film solar cells: Basic concepts
and working principles. ACS Nano 2014, 8, 8746–8756. [CrossRef] [PubMed]

33. Sun, Y.; Rogers, J.A. Fabricating semiconductor nano/microwires and transfer printing ordered arrays of
them onto plastic substrates. Nano Lett. 2004, 4, 1953–1959. [CrossRef]

34. Ji, S.; Liu, C.-C.; Liu, G.; Nealey, P.F. Molecular transfer printing using block copolymers. ACS Nano 2009, 4,
599–609. [CrossRef] [PubMed]

35. Loo, Y.-L.; Willett, R.L.; Baldwin, K.W.; Rogers, J.A. Interfacial chemistries for nanoscale transfer printing.
J. Am. Chem. Soc. 2002, 124, 7654–7655. [CrossRef] [PubMed]

36. Meitl, M.A.; Zhu, Z.-T.; Kumar, V.; Lee, K.J.; Feng, X.; Huang, Y.Y.; Adesida, I.; Nuzzo, R.G.; Rogers, J.A.
Transfer printing by kinetic control of adhesion to an elastomeric stamp. Nat. Mater. 2006, 5, 33. [CrossRef]

37. Song, D.; Mahajan, A.; Secor, E.B.; Hersam, M.C.; Francis, L.F.; Frisbie, C.D. High-resolution transfer printing
of graphene lines for fully printed, flexible electronics. ACS Nano 2017, 11, 7431–7439. [CrossRef] [PubMed]

38. Espinha, A.; Dore, C.; Matricardi, C.; Alonso, M.I.; Goñi, A.R.; Mihi, A. Hydroxypropyl cellulose photonic
architectures by soft nanoimprinting lithography. Nat. Photonics 2018, 1. [CrossRef]

39. Ishikawa, A.; Shffiata, T. Cellulosic chiral stationary phase under reversed-phase condition. J. Liq. Chromatogr.
Relat. Technol. 1993, 16, 859–878. [CrossRef]

40. O’brien, T.; Crocker, L.; Thompson, R.; Thompson, K.; Toma, P.; Conlon, D.; Feibush, B.; Moeder, C.;
Bicker, G.; Grinberg, N. Mechanistic aspects of chiral discrimination on modified cellulose. Anal. Chem. 1997,
69, 1999–2007. [CrossRef] [PubMed]

41. Revol, J.-F.; Godbout, L.; Dong, X.-M.; Gray, D.G.; Chanzy, H.; Maret, G. Chiral nematic suspensions
of cellulose crystallites; phase separation and magnetic field orientation. Liq. Cryst. 1994, 16, 127–134.
[CrossRef]

42. Shopsowitz, K.E.; Hamad, W.Y.; MacLachlan, M.J. Chiral nematic mesoporous carbon derived from
nanocrystalline cellulose. Angew. Chem. Int. Ed. 2011, 50, 10991–10995. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/b416951d
http://www.ncbi.nlm.nih.gov/pubmed/15856084
http://dx.doi.org/10.1002/adma.200700448
http://dx.doi.org/10.1016/j.synthmet.2004.08.006
http://dx.doi.org/10.1038/nmat2028
http://www.ncbi.nlm.nih.gov/pubmed/17972939
http://dx.doi.org/10.1142/S0219581X05003139
http://dx.doi.org/10.1116/1.569054
http://dx.doi.org/10.1088/0960-1317/6/1/002
http://dx.doi.org/10.1002/1521-3951(199707)202:1&lt;605::AID-PSSB605&gt;3.0.CO;2-Y
http://dx.doi.org/10.1002/polb.22227
http://dx.doi.org/10.1002/adma.201201386
http://www.ncbi.nlm.nih.gov/pubmed/22936418
http://dx.doi.org/10.1063/1.2403836
http://dx.doi.org/10.1073/pnas.0914031107
http://www.ncbi.nlm.nih.gov/pubmed/20479263
http://dx.doi.org/10.1021/nn5037587
http://www.ncbi.nlm.nih.gov/pubmed/25184987
http://dx.doi.org/10.1021/nl048835l
http://dx.doi.org/10.1021/nn901342j
http://www.ncbi.nlm.nih.gov/pubmed/20041629
http://dx.doi.org/10.1021/ja026355v
http://www.ncbi.nlm.nih.gov/pubmed/12083908
http://dx.doi.org/10.1038/nmat1532
http://dx.doi.org/10.1021/acsnano.7b03795
http://www.ncbi.nlm.nih.gov/pubmed/28686415
http://dx.doi.org/10.1038/s41566-018-0152-1
http://dx.doi.org/10.1080/10826079308020939
http://dx.doi.org/10.1021/ac961241l
http://www.ncbi.nlm.nih.gov/pubmed/21639239
http://dx.doi.org/10.1080/02678299408036525
http://dx.doi.org/10.1002/anie.201105479
http://www.ncbi.nlm.nih.gov/pubmed/21954149


Micromachines 2018, 9, 263 19 of 23

43. Qin, D.; Xia, Y.; Whitesides, G.M. Soft lithography for micro-and nanoscale patterning. Nat. Protoc. 2010, 5,
491–502. [CrossRef] [PubMed]

44. Rogers, J.A.; Nuzzo, R.G. Recent progress in soft lithography. Mater. Today 2005, 8, 50–56. [CrossRef]
45. Rolland, J.P.; Hagberg, E.C.; Denison, G.M.; Carter, K.R.; De Simone, J.M. High-resolution soft lithography:

Enabling materials for nanotechnologies. Angew. Chem. Int. Ed. 2004, 43, 5796–5799. [CrossRef] [PubMed]
46. Whitesides, G.M.; Ostuni, E.; Takayama, S.; Jiang, X.; Ingber, D.E. Soft lithography in biology and

biochemistry. Annu. Rev. Biomed. Eng. 2001, 3, 335–373. [CrossRef] [PubMed]
47. Xia, Y.; Whitesides, G.M. Soft lithography. Annu. Rev. Mater. Sci. 1998, 28, 153–184. [CrossRef]
48. Demeester, P.; Pollentier, I.; De Dobbelaere, P.; Brys, C.; Van Daele, P. Epitaxial lift-off and its applications.

Semicond. Sci. Technol. 1993, 8, 1124. [CrossRef]
49. Liao, W.-S.; Cheunkar, S.; Cao, H.H.; Bednar, H.R.; Weiss, P.S.; Andrews, A.M. Subtractive patterning via

chemical lift-off lithography. Science 2012, 337, 1517–1521. [CrossRef] [PubMed]
50. Yu, X.; Wang, H.; Ning, X.; Sun, R.; Albadawi, H.; Salomao, M.; Silva, A.C.; Yu, Y.; Tian, L.; Koh, A.

Needle-shaped ultrathin piezoelectric microsystem for guided tissue targeting via mechanical sensing.
Nat. Biomed. Eng. 2018, 2, 165–172. [CrossRef]

51. Abramowitch, S.D.; Feola, A.; Jallah, Z.; Moalli, P.A. Tissue mechanics, animal models, and pelvic organ
prolapse: A review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2009, 144, S146–S158. [CrossRef] [PubMed]

52. Cowin, S.C.; Doty, S.B. Tissue Mechanics; Springer Science & Business Media: Berlin, Germany, 2007.
53. Discher, D.E.; Janmey, P.; Wang, Y.-L. Tissue cells feel and respond to the stiffness of their substrate. Science

2005, 310, 1139–1143. [CrossRef] [PubMed]
54. Hoyt, K.; Castaneda, B.; Zhang, M.; Nigwekar, P.; di Sant’Agnese, P.A.; Joseph, J.V.; Strang, J.; Rubens, D.J.;

Parker, K.J. Tissue elasticity properties as biomarkers for prostate cancer. Cancer Biomark. 2008, 4, 213–225.
[CrossRef] [PubMed]

55. Kenedi, R.; Gibson, T.; Evans, J.; Barbenel, J. Tissue mechanics. Phys. Med. Biol. 1975, 20, 699. [CrossRef]
[PubMed]

56. Bassett, C.A.L. Biologic significance of piezoelectricity. Calcif. Tissue Res. 1967, 1, 252–272. [CrossRef]
57. Marino, A.A.; Becker, R.O.; Soderholm, S.C. Origin of the piezoelectric effect in bone. Calcif. Tissue Res. 1971,

8, 177–180. [CrossRef] [PubMed]
58. Ribeiro, C.; Sencadas, V.; Correia, D.M.; Lanceros-Méndez, S. Piezoelectric polymers as biomaterials for

tissue engineering applications. Colloids Surf. B Biointerfaces 2015, 136, 46–55. [CrossRef] [PubMed]
59. Shamos, M.H.; Lavine, L.S. Piezoelectricity as a fundamental property of biological tissues. Nature 1967, 213,

267–269. [CrossRef] [PubMed]
60. Telega, J.J.; Wojnar, R. Piezoelectric effects in biological tissues. J. Theor. Appl. Mech. 2002, 40, 723–759.
61. Arda, K.; Ciledag, N.; Aktas, E.; Arıbas, B.K.; Köse, K. Quantitative assessment of normal soft-tissue elasticity

using shear-wave ultrasound elastography. Am. J. Roentgenol. 2011, 197, 532–536. [CrossRef] [PubMed]
62. Kruse, S.; Smith, J.; Lawrence, A.; Dresner, M.; Manduca, A.; Greenleaf, J.F.; Ehman, R.L. Tissue

characterization using magnetic resonance elastography: Preliminary results. Phys. Med. Biol. 2000,
45, 1579. [CrossRef] [PubMed]

63. Manduca, A.; Oliphant, T.E.; Dresner, M.; Mahowald, J.; Kruse, S.A.; Amromin, E.; Felmlee, J.P.; Greenleaf, J.F.;
Ehman, R.L. Magnetic resonance elastography: Non-invasive mapping of tissue elasticity. Med. Image Anal.
2001, 5, 237–254. [CrossRef]

64. Ophir, J.; Cespedes, I.; Garra, B.; Ponnekanti, H.; Huang, Y.; Maklad, N. Elastography: Ultrasonic imaging of
tissue strain and elastic modulus in vivo. Eur. J. Ultrasound 1996, 3, 49–70. [CrossRef]

65. Ophir, J.; Cespedes, I.; Ponnekanti, H.; Yazdi, Y.; Li, X. Elastography: A quantitative method for imaging the
elasticity of biological tissues. Ultrason. Imaging 1991, 13, 111–134. [CrossRef] [PubMed]

66. Gross, R.E.; Krack, P.; Rodriguez-Oroz, M.C.; Rezai, A.R.; Benabid, A.L. Electrophysiological mapping for the
implantation of deep brain stimulators for parkinson’s disease and tremor. Mov. Disord. 2006, 21, S259–S283.
[CrossRef] [PubMed]

67. Josephson, M.E. Clinical Cardiac Electrophysiology: Techniques and Interpretations; Lippincott Williams &
Wilkins: Philadelphia, PA, USA, 2008.

68. Sigg, D.C.; Iaizzo, P.A.; Xiao, Y.-F.; He, B. Cardiac Electrophysiology Methods and Models; Springer Science &
Business Media: Berlin, Germany, 2010.

http://dx.doi.org/10.1038/nprot.2009.234
http://www.ncbi.nlm.nih.gov/pubmed/20203666
http://dx.doi.org/10.1016/S1369-7021(05)00702-9
http://dx.doi.org/10.1002/anie.200461122
http://www.ncbi.nlm.nih.gov/pubmed/15478218
http://dx.doi.org/10.1146/annurev.bioeng.3.1.335
http://www.ncbi.nlm.nih.gov/pubmed/11447067
http://dx.doi.org/10.1146/annurev.matsci.28.1.153
http://dx.doi.org/10.1088/0268-1242/8/6/021
http://dx.doi.org/10.1126/science.1221774
http://www.ncbi.nlm.nih.gov/pubmed/22997333
http://dx.doi.org/10.1038/s41551-018-0201-6
http://dx.doi.org/10.1016/j.ejogrb.2009.02.022
http://www.ncbi.nlm.nih.gov/pubmed/19285776
http://dx.doi.org/10.1126/science.1116995
http://www.ncbi.nlm.nih.gov/pubmed/16293750
http://dx.doi.org/10.3233/CBM-2008-44-505
http://www.ncbi.nlm.nih.gov/pubmed/18957712
http://dx.doi.org/10.1088/0031-9155/20/5/001
http://www.ncbi.nlm.nih.gov/pubmed/1103161
http://dx.doi.org/10.1007/BF02008098
http://dx.doi.org/10.1007/BF02010135
http://www.ncbi.nlm.nih.gov/pubmed/5145213
http://dx.doi.org/10.1016/j.colsurfb.2015.08.043
http://www.ncbi.nlm.nih.gov/pubmed/26355812
http://dx.doi.org/10.1038/213267a0
http://www.ncbi.nlm.nih.gov/pubmed/6030604
http://dx.doi.org/10.2214/AJR.10.5449
http://www.ncbi.nlm.nih.gov/pubmed/21862792
http://dx.doi.org/10.1088/0031-9155/45/6/313
http://www.ncbi.nlm.nih.gov/pubmed/10870712
http://dx.doi.org/10.1016/S1361-8415(00)00039-6
http://dx.doi.org/10.1016/0929-8266(95)00134-4
http://dx.doi.org/10.1177/016173469101300201
http://www.ncbi.nlm.nih.gov/pubmed/1858217
http://dx.doi.org/10.1002/mds.20960
http://www.ncbi.nlm.nih.gov/pubmed/16810720


Micromachines 2018, 9, 263 20 of 23

69. Viventi, J.; Kim, D.-H.; Moss, J.D.; Kim, Y.-S.; Blanco, J.A.; Annetta, N.; Hicks, A.; Xiao, J.; Huang, Y.;
Callans, D.J. A conformal, bio-interfaced class of silicon electronics for mapping cardiac electrophysiology.
Sci. Transl. Med. 2010, 2, 24ra22. [CrossRef] [PubMed]

70. Merrill, D.R.; Bikson, M.; Jefferys, J.G. Electrical stimulation of excitable tissue: Design of efficacious and
safe protocols. J. Neurosci. Methods 2005, 141, 171–198. [CrossRef] [PubMed]

71. Peckham, P.H.; Knutson, J.S. Functional electrical stimulation for neuromuscular applications. Annu. Rev.
Biomed. Eng. 2005, 7, 327–360. [CrossRef] [PubMed]

72. Tandon, N.; Cannizzaro, C.; Chao, P.-H.G.; Maidhof, R.; Marsano, A.; Au, H.T.H.; Radisic, M.;
Vunjak-Novakovic, G. Electrical stimulation systems for cardiac tissue engineering. Nat. Protoc. 2009,
4, 155. [CrossRef] [PubMed]

73. Aravanis, A.M.; Wang, L.-P.; Zhang, F.; Meltzer, L.A.; Mogri, M.Z.; Schneider, M.B.; Deisseroth, K. An
optical neural interface: In vivo control of rodent motor cortex with integrated fiberoptic and optogenetic
technology. J. Neural Eng. 2007, 4, S143. [CrossRef] [PubMed]

74. Duke, A.R.; Lu, H.; Jenkins, M.W.; Chiel, H.J.; Jansen, E.D. Spatial and temporal variability in response to
hybrid electro-optical stimulation. J. Neural Eng. 2012, 9, 036003. [CrossRef] [PubMed]

75. Richter, C.P.; Matic, A.I.; Wells, J.D.; Jansen, E.D.; Walsh, J.T. Neural stimulation with optical radiation.
Laser Photonics Rev. 2011, 5, 68–80. [CrossRef] [PubMed]

76. Wells, J.; Kao, C.; Konrad, P.; Milner, T.; Kim, J.; Mahadevan-Jansen, A.; Jansen, E.D. Biophysical mechanisms
of transient optical stimulation of peripheral nerve. Biophys. J. 2007, 93, 2567–2580. [CrossRef] [PubMed]

77. Park, S.I.; Brenner, D.S.; Shin, G.; Morgan, C.D.; Copits, B.A.; Chung, H.U.; Pullen, M.Y.; Noh, K.N.;
Davidson, S.; Oh, S.J. Soft, stretchable, fully implantable miniaturized optoelectronic systems for wireless
optogenetics. Nat. Biotechnol. 2015, 33, 1280–1286. [CrossRef] [PubMed]

78. Robinson, R. Optogenetics sheds light on brain circuits. Is therapy next? Neurol. Today 2010, 10, 16–17.
[CrossRef]

79. Williams, J.C.; Denison, T. From optogenetic technologies to neuromodulation therapies. Sci. Transl. Med.
2013, 5, 177ps6. [CrossRef] [PubMed]

80. Feiner, R.; Engel, L.; Fleischer, S.; Malki, M.; Gal, I.; Shapira, A.; Shacham-Diamand, Y.; Dvir, T. Engineered
hybrid cardiac patches with multifunctional electronics for online monitoring and regulation of tissue
function. Nat. Mater. 2016, 15, 679–685. [CrossRef] [PubMed]

81. Yu, K.J.; Kuzum, D.; Hwang, S.-W.; Kim, B.H.; Juul, H.; Kim, N.H.; Won, S.M.; Chiang, K.; Trumpis, M.;
Richardson, A.G. Bioresorbable silicon electronics for transient spatiotemporal mapping of electrical activity
from the cerebral cortex. Nat. Mater. 2016, 15, 782–791. [CrossRef] [PubMed]

82. Sun, Y.; Rogers, J.A. Semiconductor Nanomaterials for Flexible Technologies; Elsevier/William Andrew:
Amsterdam, The Netherlands; London, UK, 2010.

83. Lee, T.; Lee, W.; Kim, S.W.; Kim, J.J.; Kim, B.S. Flexible textile strain wireless sensor functionalized with
hybrid carbon nanomaterials supported ZnO nanowires with controlled aspect ratio. Adv. Funct. Mater.
2016, 26, 6206–6214. [CrossRef]

84. Gao, Q.; Dubrovskii, V.G.; Caroff, P.; Wong-Leung, J.; Li, L.; Guo, Y.; Fu, L.; Tan, H.H.; Jagadish, C.
Simultaneous selective-area and vapor–liquid–solid growth of INP nanowire arrays. Nano Lett. 2016,
16, 4361–4367. [CrossRef] [PubMed]

85. Lee, W.C.; Kim, K.; Park, J.; Koo, J.; Jeong, H.Y.; Lee, H.; Weitz, D.A.; Zettl, A.; Takeuchi, S.
Graphene-templated directional growth of an inorganic nanowire. Nat. Nanotechnol. 2015, 10, 423–428.
[CrossRef] [PubMed]

86. Holmes, J.D.; Johnston, K.P.; Doty, R.C.; Korgel, B.A. Control of thickness and orientation of solution-grown
silicon nanowires. Science 2000, 287, 1471–1473. [CrossRef] [PubMed]

87. Persson, A.I.; Larsson, M.W.; Stenström, S.; Ohlsson, B.J.; Samuelson, L.; Wallenberg, L.R. Solid-phase
diffusion mechanism for GaAs nanowire growth. Nat. Mater. 2004, 3, 677–681. [CrossRef] [PubMed]

88. Zhu, B.; Niu, Z.; Wang, H.; Leow, W.R.; Wang, H.; Li, Y.; Zheng, L.; Wei, J.; Huo, F.; Chen, X. Microstructured
graphene arrays for highly sensitive flexible tactile sensors. Small 2014, 10, 3625–3631. [CrossRef] [PubMed]

89. Li, X.; Yang, T.; Yang, Y.; Zhu, J.; Li, L.; Alam, F.E.; Li, X.; Wang, K.; Cheng, H.; Lin, C.T.; et al.
Large-area ultrathin graphene films by single-step marangoni self-assembly for highly sensitive strain
sensing application. Adv. Funct. Mater. 2016, 26, 1322–1329. [CrossRef]

http://dx.doi.org/10.1126/scitranslmed.3000738
http://www.ncbi.nlm.nih.gov/pubmed/20375008
http://dx.doi.org/10.1016/j.jneumeth.2004.10.020
http://www.ncbi.nlm.nih.gov/pubmed/15661300
http://dx.doi.org/10.1146/annurev.bioeng.6.040803.140103
http://www.ncbi.nlm.nih.gov/pubmed/16004574
http://dx.doi.org/10.1038/nprot.2008.183
http://www.ncbi.nlm.nih.gov/pubmed/19180087
http://dx.doi.org/10.1088/1741-2560/4/3/S02
http://www.ncbi.nlm.nih.gov/pubmed/17873414
http://dx.doi.org/10.1088/1741-2560/9/3/036003
http://www.ncbi.nlm.nih.gov/pubmed/22505590
http://dx.doi.org/10.1002/lpor.200900044
http://www.ncbi.nlm.nih.gov/pubmed/23082105
http://dx.doi.org/10.1529/biophysj.107.104786
http://www.ncbi.nlm.nih.gov/pubmed/17526565
http://dx.doi.org/10.1038/nbt.3415
http://www.ncbi.nlm.nih.gov/pubmed/26551059
http://dx.doi.org/10.1097/01.NT.0000368762.21573.aa
http://dx.doi.org/10.1126/scitranslmed.3003100
http://www.ncbi.nlm.nih.gov/pubmed/23515076
http://dx.doi.org/10.1038/nmat4590
http://www.ncbi.nlm.nih.gov/pubmed/26974408
http://dx.doi.org/10.1038/nmat4624
http://www.ncbi.nlm.nih.gov/pubmed/27088236
http://dx.doi.org/10.1002/adfm.201601237
http://dx.doi.org/10.1021/acs.nanolett.6b01461
http://www.ncbi.nlm.nih.gov/pubmed/27253040
http://dx.doi.org/10.1038/nnano.2015.36
http://www.ncbi.nlm.nih.gov/pubmed/25799519
http://dx.doi.org/10.1126/science.287.5457.1471
http://www.ncbi.nlm.nih.gov/pubmed/10688792
http://dx.doi.org/10.1038/nmat1220
http://www.ncbi.nlm.nih.gov/pubmed/15378051
http://dx.doi.org/10.1002/smll.201401207
http://www.ncbi.nlm.nih.gov/pubmed/24895228
http://dx.doi.org/10.1002/adfm.201504717


Micromachines 2018, 9, 263 21 of 23

90. Gong, S.; Zhao, Y.; Yap, L.W.; Shi, Q.; Wang, Y.; Bay, J.A.P.B.; Lai, D.T.H.; Uddin, H.; Cheng, W. Fabrication
of highly transparent and flexible nanomesh electrode via self-assembly of ultrathin gold nanowires.
Adv. Electron. Mater. 2016, 2, 1600121. [CrossRef]

91. Hong, S.Y.; Lee, Y.H.; Park, H.; Jin, S.W.; Jeong, Y.R.; Yun, J.; You, I.; Zi, G.; Ha, J.S. Stretchable active
matrix temperature sensor array of polyaniline nanofibers for electronic skin. Adv. Mater. 2016, 28, 930–935.
[CrossRef] [PubMed]

92. Rhyee, J.S.; Kwon, J.; Dak, P.; Kim, J.H.; Kim, S.M.; Park, J.; Hong, Y.K.; Song, W.G.; Omkaram, I.;
Alam, M.A.; et al. High-mobility transistors based on large-area and highly crystalline CVD-grown MoSe2

films on insulating substrates. Adv. Mater. 2016, 28, 2316–2321. [CrossRef] [PubMed]
93. Dai, X.; Messanvi, A.; Zhang, H.; Durand, C.; Eymery, J.; Bougerol, C.; Julien, F.H.; Tchernycheva, M.

Flexible light-emitting diodes based on vertical nitride nanowires. Nano Lett. 2015, 15, 6958–6964. [CrossRef]
[PubMed]

94. Zhang, R.; Ding, J.; Liu, C.; Yang, E.-H. Highly stretchable supercapacitors enabled by interwoven CNTs
partially embedded in PDMS. ACS Appl. Energy Mater. 2018. [CrossRef]

95. Ding, J.; Fu, S.; Zhang, R.; Boon, E.; Lee, W.; Fisher, F.T.; Yang, E.H. Graphene—Vertically aligned carbon
nanotube hybrid on PDMS as stretchable electrodes. Nanotechnology 2017, 28, 465302.

96. Ding, J.; Fisher, F.T.; Yang, E.-H. Direct transfer of corrugated graphene sheets as stretchable electrodes. J. Vac.
Sci. Technol. B 2016, 34, 051205. [CrossRef]

97. Wang, S.; Xu, J.; Wang, W.; Wang, G.-J.N.; Rastak, R.; Molina-Lopez, F.; Chung, J.W.; Niu, S.; Feig, V.R.;
Lopez, J.; et al. Skin electronics from scalable fabrication of an intrinsically stretchable transistor array. Nature
2018, 555, 83–88. [CrossRef] [PubMed]

98. Lee, Y.H.; Zhang, X.Q.; Zhang, W.; Chang, M.T.; Lin, C.T.; Chang, K.D.; Yu, Y.C.; Wang, J.T.W.; Chang, C.S.;
Li, L.J.; et al. Synthesis of large-area MoS2 atomic layers with chemical vapor deposition. Adv. Mater. 2012,
24, 2320–2325. [CrossRef] [PubMed]

99. Zhan, Y.; Liu, Z.; Najmaei, S.; Ajayan, P.M.; Lou, J. Large-area vapor-phase growth and characterization of
MoS2 atomic layers on a SiO2 substrate. Small 2012, 8, 966–971. [CrossRef] [PubMed]

100. Van der Zande, A.M.; Huang, P.Y.; Chenet, D.A.; Berkelbach, T.C.; You, Y.; Lee, G.-H.; Heinz, T.F.;
Reichman, D.R.; Muller, D.A.; Hone, J.C. Grains and grain boundaries in highly crystalline monolayer
molybdenum disulphide. Nat. Mater. 2013, 12, 554–561. [CrossRef] [PubMed]

101. Liu, K.-K.; Zhang, W.; Lee, Y.-H.; Lin, Y.-C.; Chang, M.-T.; Su, C.-Y.; Chang, C.-S.; Li, H.; Shi, Y.; Zhang, H.; et al.
Growth of large-area and highly crystalline MoS2 thin layers on insulating substrates. Nano Lett. 2012, 12,
1538–1544. [CrossRef] [PubMed]

102. Kim, T.-H.; Cho, K.-S.; Lee, E.K.; Lee, S.J.; Chae, J.; Kim, J.W.; Kim, D.H.; Kwon, J.-Y.; Amaratunga, G.;
Lee, S.Y.; et al. Full-colour quantum dot displays fabricated by transfer printing. Nat. Photonics 2011, 5,
176–182. [CrossRef]

103. Dong-Un, J.; Jae-Sup, L.; Tae-Woong, K.; Sung-Guk, A.; Denis, S.; Young-Shin, P.; Hyung-Sik, K.;
Dong-Bum, L.; Yeon-Gon, M.; Hye-Dong, K.; et al. 65.2: Distinguished paper: World-largest (6.5”) flexible
full color top emission AMOLED display on plastic film and its bending properties. SID Symp. Dig. Tech. Pap.
2009, 40, 983–985.

104. Park, J.-S.; Kim, T.-W.; Stryakhilev, D.; Lee, J.-S.; An, S.-G.; Pyo, Y.-S.; Lee, D.-B.; Mo, Y.G.; Jin, D.-U.;
Chung, H.K. Flexible full color organic light-emitting diode display on polyimide plastic substrate driven by
amorphous indium gallium zinc oxide thin-film transistors. Appl. Phys. Lett. 2009, 95, 013503. [CrossRef]

105. Choi, M.K.; Yang, J.; Hyeon, T.; Kim, D.-H. Flexible quantum dot light-emitting diodes for next-generation
displays. npj Flex. Electron. 2018, 2, 10. [CrossRef]

106. Yao, S.; Zhu, Y. Nanomaterial-enabled stretchable conductors: Strategies, materials and devices. Adv. Mater.
2015, 27, 1480–1511. [CrossRef] [PubMed]

107. Sirringhaus, H.; Tessler, N.; Friend, R.H. Integrated optoelectronic devices based on conjugated polymers.
Science 1998, 280, 1741–1744. [CrossRef] [PubMed]

108. Tan, Z.; Xu, J.; Zhang, C.; Zhu, T.; Zhang, F.; Hedrick, B.; Pickering, S.; Wu, J.; Su, H.; Gao, S.; et al. Colloidal
nanocrystal-based light-emitting diodes fabricated on plastic toward flexible quantum dot optoelectronics.
J. Appl. Phys. 2009, 105, 034312. [CrossRef]

109. Shahi, S. Flexible optoelectronics. Nat. Photonics 2010, 4, 506. [CrossRef]
110. Someya, T. Tiny lamps to illuminate the body. Nat. Mater. 2010, 9, 879. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/aelm.201600121
http://dx.doi.org/10.1002/adma.201504659
http://www.ncbi.nlm.nih.gov/pubmed/26630502
http://dx.doi.org/10.1002/adma.201504789
http://www.ncbi.nlm.nih.gov/pubmed/26755196
http://dx.doi.org/10.1021/acs.nanolett.5b02900
http://www.ncbi.nlm.nih.gov/pubmed/26322549
http://dx.doi.org/10.1021/acsaem.8b00156
http://dx.doi.org/10.1116/1.4961594
http://dx.doi.org/10.1038/nature25494
http://www.ncbi.nlm.nih.gov/pubmed/29466334
http://dx.doi.org/10.1002/adma.201104798
http://www.ncbi.nlm.nih.gov/pubmed/22467187
http://dx.doi.org/10.1002/smll.201102654
http://www.ncbi.nlm.nih.gov/pubmed/22334392
http://dx.doi.org/10.1038/nmat3633
http://www.ncbi.nlm.nih.gov/pubmed/23644523
http://dx.doi.org/10.1021/nl2043612
http://www.ncbi.nlm.nih.gov/pubmed/22369470
http://dx.doi.org/10.1038/nphoton.2011.12
http://dx.doi.org/10.1063/1.3159832
http://dx.doi.org/10.1038/s41528-018-0023-3
http://dx.doi.org/10.1002/adma.201404446
http://www.ncbi.nlm.nih.gov/pubmed/25619358
http://dx.doi.org/10.1126/science.280.5370.1741
http://www.ncbi.nlm.nih.gov/pubmed/9624049
http://dx.doi.org/10.1063/1.3074335
http://dx.doi.org/10.1038/nphoton.2010.178
http://dx.doi.org/10.1038/nmat2886
http://www.ncbi.nlm.nih.gov/pubmed/20966929


Micromachines 2018, 9, 263 22 of 23

111. Espinosa, H.D.; Bernal, R.A.; Minary-Jolandan, M. A review of mechanical and electromechanical properties
of piezoelectric nanowires. Adv. Mater. 2012, 24, 4656–4675. [CrossRef] [PubMed]

112. Wu, H.; Kong, D.; Ruan, Z.; Hsu, P.-C.; Wang, S.; Yu, Z.; Carney, T.J.; Hu, L.; Fan, S.; Cui, Y. A transparent
electrode based on a metal nanotrough network. Nat. Nanotechnol. 2013, 8, 421–425. [CrossRef] [PubMed]

113. Wang, Y.; Wang, F.; He, J. Controlled fabrication and photocatalytic properties of a three-dimensional ZnO
nanowire/reduced graphene oxide/CdS heterostructure on carbon cloth. Nanoscale 2013, 5, 11291–11297.
[CrossRef] [PubMed]

114. Xu, J.; Wang, K.; Zu, S.-Z.; Han, B.-H.; Wei, Z. Hierarchical nanocomposites of polyaniline nanowire arrays
on graphene oxide sheets with synergistic effect for energy storage. ACS Nano 2010, 4, 5019–5026. [CrossRef]
[PubMed]

115. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A.
Electric field effect in atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef] [PubMed]

116. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef] [PubMed]
117. Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer

graphene. Science 2008, 321, 385–388. [CrossRef] [PubMed]
118. Nair, R.R.; Blake, P.; Grigorenko, A.N.; Novoselov, K.S.; Booth, T.J.; Stauber, T.; Peres, N.M.R.; Geim, A.K.

Fine structure constant defines visual transparency of graphene. Science 2008, 320, 1308. [CrossRef] [PubMed]
119. Meng, Y.; Gu, D.; Zhang, F.; Shi, Y.; Cheng, L.; Feng, D.; Wu, Z.; Chen, Z.; Wan, Y.; Stein, A.; et al. A family

of highly ordered mesoporous polymer resin and carbon structures from organic–organic self-assembly.
Chem. Mater. 2006, 18, 4447–4464. [CrossRef]

120. Yu, D.; Dai, L. Self-assembled graphene/carbon nanotube hybrid films for supercapacitors. J. Phys. Chem. Lett.
2010, 1, 467–470. [CrossRef]

121. Engel, M.; Small, J.P.; Steiner, M.; Freitag, M.; Green, A.A.; Hersam, M.C.; Avouris, P. Thin film nanotube
transistors based on self-assembled, aligned, semiconducting carbon nanotube arrays. ACS Nano 2008, 2,
2445–2452. [CrossRef] [PubMed]

122. Margenau, H. Van der waals forces. Rev. Mod. Phys. 1939, 11, 1–35. [CrossRef]
123. Zaremba, E.; Kohn, W. Van der Waals interaction between an atom and a solid surface. Phys. Rev. B 1976, 13,

2270–2285. [CrossRef]
124. Morokuma, K. Molecular orbital studies of hydrogen bonds. III. C=O···H–O hydrogen bond in H2CO···H2O

and H2CO···2H2O. J. Chem. Phys. 1971, 55, 1236–1244. [CrossRef]
125. Janiak, C. A critical account on π–π stacking in metal complexes with aromatic nitrogen-containing ligands.

J. Chem. Soc. Dalton Trans. 2000, 3885–3896. [CrossRef]
126. Grimme, S. Do special noncovalent π–π stacking interactions really exist? Angew. Chem. Int. Ed. 2008, 47,

3430–3434. [CrossRef] [PubMed]
127. Maillard, M.; Motte, L.; Ngo, A.T.; Pileni, M.P. Rings and hexagons made of nanocrystals: A marangoni

effect. J. Phys. Chem. B 2000, 104, 11871–11877. [CrossRef]
128. Sternling, C.V.; Scriven, L.E. Interfacial turbulence: Hydrodynamic instability and the marangoni effect.

AIChE J. 1959, 5, 514–523. [CrossRef]
129. Fanton, X.; Cazabat, A.M. Spreading and instabilities induced by a solutal marangoni effect. Langmuir 1998,

14, 2554–2561. [CrossRef]
130. Hu, N.; Karube, Y.; Yan, C.; Masuda, Z.; Fukunaga, H. Tunneling effect in a polymer/carbon nanotube

nanocomposite strain sensor. Acta Mater. 2008, 56, 2929–2936. [CrossRef]
131. Kovtyukhova, N.I.; Ollivier, P.J.; Martin, B.R.; Mallouk, T.E.; Chizhik, S.A.; Buzaneva, E.V.; Gorchinskiy, A.D.

Layer-by-layer assembly of ultrathin composite films from micron-sized graphite oxide sheets and
polycations. Chem. Mater. 1999, 11, 771–778. [CrossRef]

132. Zhang, M.; Gong, K.; Zhang, H.; Mao, L. Layer-by-layer assembled carbon nanotubes for selective
determination of dopamine in the presence of ascorbic acid. Biosens. Bioelectron. 2005, 20, 1270–1276.
[CrossRef] [PubMed]

133. Yang, M.; Yang, Y.; Yang, H.; Shen, G.; Yu, R. Layer-by-layer self-assembled multilayer films of carbon
nanotubes and platinum nanoparticles with polyelectrolyte for the fabrication of biosensors. Biomaterials
2006, 27, 246–255. [CrossRef] [PubMed]

134. Lee, S.W.; Kim, B.-S.; Chen, S.; Shao-Horn, Y.; Hammond, P.T. Layer-by-layer assembly of all carbon nanotube
ultrathin films for electrochemical applications. J. Am. Chem. Soc. 2009, 131, 671–679. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/adma.201104810
http://www.ncbi.nlm.nih.gov/pubmed/22581695
http://dx.doi.org/10.1038/nnano.2013.84
http://www.ncbi.nlm.nih.gov/pubmed/23685985
http://dx.doi.org/10.1039/c3nr03969b
http://www.ncbi.nlm.nih.gov/pubmed/24096940
http://dx.doi.org/10.1021/nn1006539
http://www.ncbi.nlm.nih.gov/pubmed/20795728
http://dx.doi.org/10.1126/science.1102896
http://www.ncbi.nlm.nih.gov/pubmed/15499015
http://dx.doi.org/10.1038/nmat1849
http://www.ncbi.nlm.nih.gov/pubmed/17330084
http://dx.doi.org/10.1126/science.1157996
http://www.ncbi.nlm.nih.gov/pubmed/18635798
http://dx.doi.org/10.1126/science.1156965
http://www.ncbi.nlm.nih.gov/pubmed/18388259
http://dx.doi.org/10.1021/cm060921u
http://dx.doi.org/10.1021/jz9003137
http://dx.doi.org/10.1021/nn800708w
http://www.ncbi.nlm.nih.gov/pubmed/19206278
http://dx.doi.org/10.1103/RevModPhys.11.1
http://dx.doi.org/10.1103/PhysRevB.13.2270
http://dx.doi.org/10.1063/1.1676210
http://dx.doi.org/10.1039/b003010o
http://dx.doi.org/10.1002/anie.200705157
http://www.ncbi.nlm.nih.gov/pubmed/18350534
http://dx.doi.org/10.1021/jp002605n
http://dx.doi.org/10.1002/aic.690050421
http://dx.doi.org/10.1021/la971292t
http://dx.doi.org/10.1016/j.actamat.2008.02.030
http://dx.doi.org/10.1021/cm981085u
http://dx.doi.org/10.1016/j.bios.2004.04.018
http://www.ncbi.nlm.nih.gov/pubmed/15590278
http://dx.doi.org/10.1016/j.biomaterials.2005.05.077
http://www.ncbi.nlm.nih.gov/pubmed/16026820
http://dx.doi.org/10.1021/ja807059k
http://www.ncbi.nlm.nih.gov/pubmed/19105687


Micromachines 2018, 9, 263 23 of 23

135. Eda, G.; Fanchini, G.; Chhowalla, M. Large-area ultrathin films of reduced graphene oxide as a transparent
and flexible electronic material. Nat. Nanotechnol. 2008, 3, 270–274. [CrossRef] [PubMed]

136. Compton, O.C.; Nguyen, S.T. Graphene oxide, highly reduced graphene oxide, and graphene: Versatile
building blocks for carbon-based materials. Small 2010, 6, 711–723. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nnano.2008.83
http://www.ncbi.nlm.nih.gov/pubmed/18654522
http://dx.doi.org/10.1002/smll.200901934
http://www.ncbi.nlm.nih.gov/pubmed/20225186
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Novel Devices Designed by Top-Down Nanofabrication 
	Introduction to the Top-Down Approach 
	Transfer-Printed Graphene Lines for Flexible Transistor 
	Flexible Photonic Device with Hexagonal Structures 
	Novel Biomedical Electronics—Piezoelectric Probes for Biopsy Diagnosis 
	Novel Biomedical Electronics—Implantable, Soft Electronic Systems for Optical Stimulation 
	Novel Biomedical Electronics—Cardiac Patches for Electrical Sensing, Stimulation, and Drug Delivery 
	Novel Biomedical Electronics—Bio-Resorbable, Ultraflexible Electronic Device for Transient Brain Mapping 

	Novel Devices Designed by Bottom-Up Nanofabrication 
	Introduction to Bottom-Up Approach 
	Flexible Transistors Fabricated by Modified Chemical Vapor Deposition (mCVD) 
	Flexible Light Emitting Diodes (LEDs) and Flexible Touch Screen 
	Novel Flexible Sensors—Strain Sensors 
	Novel Flexible Sensors—Temperature Sensor 

	Conclusions 
	References

