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Transfer printing technologies for soft electronics

xa,b.c

Soft electronics have received increasing attention in recent years, owing to their wide range of appli-

cations in dynamic nonplanar surface integration electronics that include skin electronics, implantable

devices, and soft robotics. Transfer printing is a widely used assembly technology for micro- and nano-

fabrication, which enables the integration of functional devices with flexible or elastomeric substrates for

the manufacturing of soft electronics. Through advanced materials and process design, numerous
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rsc.li/nanoscale of this field are briefly discussed.

Introduction

Soft electronics are of great interest for healthcare’™ and
human-machine interface’”’ applications owing to their
mechanical and biological compatibility® with human
tissues. Advanced features of these devices include their
capabilities for real-time monitoring of bodily activities, thus
providing accurate data for necessary interventions in disease
diagnosis and treatment.”'® Devices, especially inorganic
material types, cannot be grown and prepared on soft sub-
strates directly via standard manufacturing processes, since
the unstable and extreme process conditions will lead to
degradation or damage of polymer-based encapsulations.
Methods such as ink printing or spraying have been inten-
sively studied and satisfy parts of use cases for soft
electronics.'’™* Yet, the solvent of the ink may degrade the
device performance. Furthermore, large-scale crystal films,
with high performance and which are widely used in micro-
electronics, are not suitable for ink printing.

An optional approach is to pre-fabricate devices on rigid
substrates via conventional manufacturing processes and
then transfer them onto soft substrates, which is the so-
called transfer printing technology, a reliable fabrication
process to deliver materials from a donor to a receiver
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impressive studies related to transfer printing strategies and applications have been proposed. Herein, a
discussion of transfer printing technologies toward soft electronics in terms of mechanisms and example
demonstrations is provided. Moreover, the perspectives on the potential challenges and future directions

substrate."”° Key advantages of this approach include its

efficient and high-precision assembly for a wide range of
materials and structures. Inorganic and organic materials,
including nanoparticles, nanowires, and nanofilms, are all
covered by this technology.>"** With advanced stamp and
process designs, highly pure and uniform nanomaterial pat-
terns can be assembled on a soft substrate. Various two-
dimensional (2D) and three-dimensional (3D) nano/micro-
structure patterns can be constructed. Besides, by taking
advantage of traditional electronics fabrication, transfer
printing technology can achieve large-scale integration of dis-
crete components with a well-controlled organization for
complex functionality and performance equal to that of
wafer-based devices, but with the ability to be deformed like
rubber.

In this paper, we summarize the implementation strategies
and applications of transfer printing technology for soft elec-
tronics, including its working mechanisms, applications in
nanomaterial assembly, curvy electronics, bioelectronics and
3D integrated electronics. Finally, based on our understand-
ing, the key challenges and future opportunities for transfer
printing are presented.

Mechanisms of transfer printing
technology

The purpose of transfer printing is to assemble functional
materials from the donor to the receiver substrate (Fig. 1a).'®
The underlying physics associated with the transfer printing
process involves the competing fracture at the stamp/func-
tional material interface and the functional material/substrate
(donor or receiver) interface. During the pick-up process, the
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Fig. 1 The mechanism of transfer printing technology. (a) Schematic illustration of the transfer printing process. Reproduced from ref. 18 with per-
mission from the Nature Publishing Group, copyright 2006. (b) Schematic illustration showing the working principle of kinetically controlled transfer
printing. Reproduced from ref. 19 with permission from the American Chemical Society, copyright 2007. (c) Schematic illustration showing the
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working principle of thermal release transfer printing. Reproduced from ref. 20 with permission from John Wiley & Sons, copyright 2017.

interface adhesion of the stamp/functional material should be
larger than that of the functional material/donor. During the
print process, the interface adhesion of the stamp/functional
material should be smaller than that of the functional
material/receiver. Usually, the adhesion at the functional
material/substrate interface is considered a constant, indepen-
dent of external stimuli. Thus, a successful transfer printing
highly depends on the ability to dynamically control the inter-
face adhesion at the stamp/functional material interface
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between strong states and weak states for the pick-up and
print processes, respectively.

The exploration of feasible methods for the modulation of
interfacial adhesion strength has been intensive, such as
kinetic adhesion control,"®'° surface relief structure-assisted
approaches,*?* shear-assisted methods,>>*® thermal release
methods,>®?” solvent-assisted adhesion control,?®° and laser-
assisted methods.***! The working mechanisms and fabrica-
tion processes are different for the various transfer printing

Yuan Lin is a Professor at the
School of Materials and Energy,
the University of Electronic
Science and Technology of
China. She received her Ph.D.
from the University of Science
and Technology of China in
1999. After that, she worked at
the Institute of Physics in the
Chinese Academy of Sciences,
the University of Houston, Los
Alamos  National Laboratory,
and Intel Corporation, respect-
wely. She joined the University
of Electronic Science and Technology of China in 2008. Her
research interests include the fabrication and applications of func-
tional inorganic thin films, and stretchable and flexible
electronics.

Yuan Lin

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr04283e

Published on 18 October 2022. Downloaded on 6/1/2024 6:10.07 AM.

Nanoscale

techniques. To gain a better understanding of the mecha-
nisms, adhesion control factors, adhesion switchability, and
advantages and disadvantages of these techniques, a perform-
ance comparison of transfer printing techniques is shown in
Table 1. Among the various technologies, kinetically controlled
transfer printing, which uses peel velocity to modulate the
adhesion strength (quantified as the energy release rate) at the
stamp and the functional material interface, is one of the most
common and earliest methods for soft electronics.'®'® Due to
the viscoelastic effect of the stamp, the energy release rate
increases with an increasing peeling velocity, which enables
adhesion modulation at the stamp/functional material inter-
face: a high velocity for pick-up and then a slow velocity for
printing (Fig. 1b)."® This method can assemble various func-
tional materials onto a large number of soft substrates. But
this method has low adhesion switchability (max/min
adhesion) and the critical peel velocity, used to separate high-
velocity pick-up and low-velocity printing, is highly influenced
by other factors, such as temperature, resulting in poor con-
trollability. Moreover, this method cannot be applied to a
viscoelastic receiver, limiting its application to certain classes
of materials as the receiver. The surface relief structure-
assisted transfer printing technique, which changes the
contact area between the stamp and the functional material
for adhesion modulation, has large adhesion switchability.”*>*
However, the preparation of a stamp may take up more cost
and this technique is not suitable for nanoparticles and nano-
wires. By modulating the shear strain to reduce the pull-off
force, the shear-assisted printing technique is compatible with
the roll-to-roll process, which is very effective.”>*® Yet, similar
to the kinetic control and surface relief structure-assisted
approaches, the shear-assisted method cannot be applied to a
viscoelastic receiver. Recently, thermal release transfer printing
has been widely used, due to its high switchability, low cost,

Table 1 Comparison of various transfer printing techniques
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easy operation, and high-yield process.’*> Thermal release
tape (TRT), a kind of commercially available good, being a flex-
ible and thin tape, is usually used as the stamp in this
approach. By controlling the temperature, the interface
adhesion strength (quantified as the energy release rate) of the
stamp/functional material (labeled as TRT/membrane) can be
precisely adjusted over a wide range (Fig. 1c),>° which has
better controllability and repeatability. Disadvantages of this
method may come from potential thermal damage to and
surface residues on the functional materials, which will
degrade device performance. The solvent release method can
modulate the adhesion strength with a solvent-releasable
tape.”®*® 1t also has high switchability and reliability, but
solvent residues may influence device performance. The laser-
assisted approach, which introduces thermal mismatch
between the stamp and the functional material for printing, is
the only contact-free method.***' The disadvantage here may
come from the potential for thermal damage from the laser.

Transfer printing for nanomaterial
assembly

With the advantages of high compatibility of nano/microstruc-
ture patterns, transfer printing technology can be a good
option for the assembly of various nanomaterials and
structures.®*® With the kinetic control of stamp adhesion, a
polydimethylsiloxane (PDMS) stamp could even pick up and
release silica nanoparticles,'® which are non-planar and have
small contact areas with the stamp and the receiver. Quantum
dots (QDs) represent an important class of semiconductor
nanoparticle structures. Their excellent luminescence pro-
perties allow them to be widely used as components of electro-
luminescent devices. Recent studies suggest that transfer

Adhesion Adhesion
Strategies Mechanism control switchability =~ Advantages Disadvantages Ref.
Kinetic Adjusting the peel Peel velocity <10 Simple Low adhesion switchability, poor 18
control velocity to modulate the controllability, and cannot apply to and
adhesion strength a viscoelastic receiver 19
Surface relief ~ Changing the contact Stamp ~50 Large adhesion High cost for stamp preparation, 23
structure- area between the stamp  geometry switchability not suitable for nanoparticles or and
assisted and the functional nanowires, and cannot apply to a 24
material viscoelastic receiver
Shear- Modulating the shear Shear force ~100 High efficiency Cannot apply to a viscoelastic 25
assisted strain to reduce the pull- receiver and
off force 26
Thermal Adjusting the Temperature  Very high High adhesion, Potential thermal damage, and 20
release temperature to modulate switchability, surface residues may degrade the and
the adhesion strength reliability, and low device performance 27
cost
Solvent Modulating the Solution Very high High adhesion, Surface residues may degrade the 28
release adhesion strength with switchability, and device performance and
solvent releasable tape reliability 29
Laser- Inducing thermal Laser Very high Non-contact printing  Potential thermal damage 30
assisted mismatch between the and
stamp and the 31

functional material
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printing techniques have powerful capabilities to achieve a
high level of resolution for quantum-dot displays.>’° Tingtao
Meng et al. developed a simple and effective method that com-
bined transfer printing with Langmuir-Blodgett film techno-
logy to achieve quantum-dot light-emitting diodes with ultra-
high resolutions (Fig. 2a).* A Langmuir-Blodgett film could
avoid the non-uniform deposition of QDs, and a micropillar
array of PDMS stamps with a diameter of 500 nm was used to
transfer QD patterns from the water surface (with a resolution
of up to 25400 pixels per inch). Yet, PDMS stamps, which are
widely used in transfer printing, are incompatible with photo-
lithography, due to the swelling of PDMS with organic sol-
vents. Sang Hoon Lee et al. developed a direct transfer printing
method with a metal oxide layer stamp, which made it poss-
ible to fabricate micro patterns on the stamp for complicated
devices. The researchers demonstrated a transistor (FET) with
silicon nanowires (Si NWs) (Fig. 2b).** The device was directly
fabricated on an Al,O; stamp and then transferred onto a flex-
ible polyvinyl phenol substrate. The transfer printing of a
nanofilm needs defined anchor structures to maximize the
conformable contact between the stamp and the film. Tuan-
Anh Pham et al. developed a versatile sacrificial layer-based
transfer printing technology for nanofilm assembly, which
allowed complex geometric shapes and large degrees of
residual stresses of the film’s microstructures. A layer of alumi-

In-plane structures
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num was deposited on the backside of a free-standing nano-
film as a sacrificial layer, which could avoid wrinkle and twist
formations in the microstructures, allowing silicon carbide
films with numerous complex structure designs to be trans-
ferred (serpentine structures as shown in Fig. 2c).*?

3D architectures, which have a small physical coupling with
the substrate, can be deformed out of plane freely in response
to an applied strain and achieve stretchability. The wave, one
type of simple 3D structure, is commonly used for inorganic
material-based stretchable electronics (Fig. 2d).** For this
design, nanofilms are transferred onto the surface of a pre-
strained elastomeric substrate. When the substrate is released,
the tensile pre-strain of the substrate will drive inorganic films
into the wave structure. The amplitude or wavelength of the
wave can be adjusted by changing the tensile strain level and
mechanical properties of the inorganic film or elastomeric
substrate. For more complex 3D architectures, Sheng Xu et al.
reported routes to assemble micro/nanomaterials by compres-
sive buckling. Well-designed 2D precursors were prepared via a
conventional process, then they were transferred onto a pre-
strained substrate with selective bonding sites; they would
then be formed into complex 3D architectures after releasing
the pre-strain of the substrate, owing to the in-plane and out-
of-plane motions of the nonbonded regions of precursors.
Various material compositions (metals, silicon, and polymers)

3D architectures

nanofilm

Fig. 2 Transfer printing for nanomaterial assembly. In-plane structures constructed using (a) silica nanoparticles, (b) silicon nanowires, and (c)
silicon carbide nanofilms. Reproduced from ref. 40 with permission from the Nature Publishing Group, copyright 2006; reproduced from ref. 41
with permission from John Wiley & Sons, copyright 2015; and reproduced from ref. 42 with permission from John Wiley & Sons, copyright 2020,
respectively. 3D architectures of (d) wave and (e) complex mesostructures obtained by compressive buckling, and (f) a functional 3D FET array.
Reproduced from ref. 43 with permission from the National Academy of Sciences, copyright 2007; reproduced from ref. 44 with permission from
the American Association for the Advancement of Science, copyright 2015; and reproduced from ref. 45 with permission from the Nature Publishing
Group, copyright 2022, respectively.
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and architectures (helix, arc, etc.) were demonstrated (Fig. 2e)
in their research.** Furthermore, with functional material inte-
gration and advanced microfabrication, Yue Gu et al. reported
a high-performance 3D FET array (Fig. 2f) formed from a 2D
FET precursor using a compressive buckling technique.*> A 3D
FET array could be used for minimally invasive intracellular
and intercellular signal sensing in both 2D cultures and 3D
tissue constructs.

Transfer printing for curvy electronics

Conventional microelectronics systems can only be fabricated
into devices on a planar surface due to the 2D nature of the
wafer, which is unable to fit the shape of 3D objects. It is there-
fore highly necessary to develop fabrication methods for curvy
electronics that can be assembled into devices on 3D surfaces
and achieve better performances in some application scen-
arios, such as smart contact lenses”®* and curvy

View Article Online
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imagers.***° Several methods have been used to achieve curvy
electronics including residual stress-induced bending,*'™*
templated growth,>**° ¢ and shape
memory polymer-based methods. However, they can only
realize certain classes of structures in certain types of
materials. Spray coating,”® 3D printing,*® pencil drawing,®
and light-induced mass transfer® are techniques that can
directly write or evaporate the functional ink on any curvy
surface, but the performance of devices is not comparable to
wafer-based electronics.®” Eun Kwang Lee et al reported
routes to assemble a hemispherical photodetector array based
on thermal release tape transfer printing.*® The device was
first fabricated on a planar Si wafer with thin films of nickel
and polyimide as separation and supporting layers. Then, the
entire device was placed in water, the films peeled from the Si
substrate with thermal release tape at room temperature, and
then transferred onto a hemispherical surface at 80 °C for
3 min (Fig. 3a). Due to the fractal web design, the device can
achieve good integration across the hemispherical surface
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Fig. 3 Transfer printing for curvy electronics. (a) Schematic illustration of the assembly process for a hemispherical photodetector array with
thermal release tape transfer printing. (b) Optical image of the device on a transparent hemispherical surface. Reproduced from ref. 63 with per-
mission from John Wiley & Sons, copyright 2020. (c) The key steps of CAS printing of devices onto a curvy surface. (d) Optical image of the device
on a hemispherical surface. (e) Optical image of the device on an arbitrarily shaped curvy surface. (f) Acquired imaging by curvy imagers.
Reproduced from ref. 64 with permission from the Nature Publishing Group, copyright 2021.
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while a few wrinkles were formed at the edge (Fig. 3b).
Kyoseung Sim et al. developed a manufacturing process that
can reliably construct 3D curvy electronics based on transfer
printing technology, called conformal additive stamp (CAS)
printing.®* This approach uses a pneumatically inflated elasto-
meric balloon as a conformal stamp to pick up pre-fabricated
devices on a 2D planar surface and transfer these devices onto
a curvy surface (Fig. 3c). The excellent deformability of the
balloon allows the stamp to make good contact with devices,
peel off devices from the original 2D substrate, and print them
onto target curvilinear surfaces (Fig. 3d). With CAS technology,
a series of functional materials (silicon, copper, polymers, etc.)
could be transferred and several applications were reported in
their research, such as silicon pellets, photodetector arrays,
hemispherical solar cells, copper antennas, and smart contact
lenses.®® Due to the high-quality printing of CAS, an adaptive
imager with 32 x 32 ultrathin silicon pixels was developed
(Fig. 3e). With its kirigami design, the device exhibited a high
fill factor of 78%, good biaxial stretchability of 30%, and could
acquire good imaging (Fig. 3f).

Transfer printing for bioelectronics

Due to their unique mechanical properties, soft electronics are
widely used in applications for healthcare,’®®® human-
machine interfaces,*”’° and medical implants.”*””> Wearable
sensors, which can monitor the body’s physiological para-
meters 24 hours a day, are more suitable for health condition

Sensors
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diagnosis than traditional medical equipment.”*”® According
to sensing parameters, wearable sensors can be classified into
two categories: physical sensors and chemical sensors (or bio-
logical sensors). Physical sensor parameters include body
temperature, epidermal potential (electrocardiography, electro-
oculography, and electromyography), heart rate, body move-
ment, biological impedance, etc. Chonghe Wang et al. devel-
oped a prototype for a deep-tissue hemodynamics monitor
with stretchable ultrasonic phased arrays (Fig. 4a).”” The soft
system allowed active focusing and steering of ultrasound
beams, which could be used to record Doppler spectra from
cardiac tissues (Fig. 4b), monitor blood flow,”” measure blood
pressure,”® and achieve continuous imaging of diverse
organs.”® Biological sensor parameters include glucose, uric
acid, lactate, sodium or potassium ions, etc. The bodily fluids
used for chemical measurements are usually blood, sweat, or
tears and data are obtained with the assistance of a needle,
microfluidics, or smart contact lenses.?*™®* Soft actuators are
widely used in the area of artificial muscles, robotics, and
haptic systems.®*® By combining functional materials and
transfer printing technology, various soft functions can be
achieved, such as mechanical bending,*>*” drug delivery,*®*°
and temperature management.’”®! Xinge Yu et al. reported a
skin-integrated haptic interface system for virtual and augmen-
ted reality (Fig. 4c and d).”” The key components of the system
are mechanical vibratory actuator arrays, which are based on
electrically controllable magnetic vibrations. This kind of
device has opened up new opportunities for human-machine
interactive systems.’>® Soft circuits, which play a role in the
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Fig. 4 Transfer printing for bioelectronics. (a) Optical image of stretchable ultrasonic phased arrays. (b) Working principle of ultrasonic Doppler
sensing. Reproduced from ref. 77 with permission from the Nature Publishing Group, copyright 2021. (c) Optical image of stretchable haptic actua-
tors. (d) Illustration of the virtual touch process and sense of virtual touch. Reproduced from ref. 92 with permission from the Nature Publishing
Group, copyright 2019. (e) Optical image of large-scale transistor arrays. (f) Illustration of a stretchable transistor array as the core building for
stretchable circuits. Reproduced from ref. 96 with permission from the Nature Publishing Group, copyright 2018. (g) Optical image of an implantable
device for bone fracture healing at the site of a rat. (h) Optical images showing the natural degradation process of the device. Reproduced from ref.
109 with permission from the National Academy of Sciences, copyright 2021.
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brain, are used for data processing, and the making of stra-
tegic decisions and can be used to build intelligent soft
systems for applications in many areas.”*°® Sihong Wang et al.
demonstrated intrinsically stretchable FETs (Fig. 4e), which
are the fundamental elements in circuits (Fig. 4f).”® The tran-
sistors were made of polymer semiconductors and carbon
nanotube conductors on a Si/SiO, wafer and transferred onto a
stretchable substrate. A transistor array with high-density inte-
gration (347 transistors per square centimeter) was presented.
Intrinsically stretchable circuits based on these transistors
were used in both analog and digital demonstrations. With
their biocompatibility and reduced invasiveness, soft elec-
tronics are also suitable for implantable applications, such as
optogenetic neuromodulation,’”~%° electrocorticogram
monitoring,'°”'®*  and heart disease diagnosis and
treatment.'”'%* Among these, transient electronics provide
new opportunities for applications in bio-diagnostics and
therapeutic areas. The devices can be implanted inside the
body to diagnose and treat patients without surgical removal
at the end of the functional cycle, which will reduce the risk of
infection by additional surgery."®>°” Recently, Yeon Sik Choi
et al. reported a transient closed-loop system, which combined
wireless sink-integrated devices with a biodegradable pace-
maker to track and control cardiac rhythms.'®® The results
demonstrated in animal and human hearts showed good per-
formance for autonomous electrotherapy. Guang Yao et al
developed a soft and bioresorbable electrostimulation device
for bone fracture healing (Fig. 4g).'”° The device consisted of a
triboelectric nanogenerator and a pair of electrodes for electro-
stimulation. The soft devices showed excellent biocompatibil-
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ity and biosafety. All the materials used for the construction of
the device could be dissolved after a couple of weeks (Fig. 4h).
Animal experiments demonstrated that the electrical field
from the device could activate growth factors of the bone.

Transfer printing for 3D integrated soft
electronics

Stretchable electronics are usually presented in large-area and
single-layer formats, resulting in a low-density integration of
components.’* %' The soft system in this state is unable to
meet the needs of multifunctional coordination for complex
tasks. 3D integrated soft electronics can integrate diverse func-
tions at different layers, which will increase the applicable
scenarios. One of the key challenges for the construction of 3D
integrated soft electronics is building efficient and robust verti-
cal interconnect accesses (VIAs) as the interlayer electrical con-
nectivity. The traditional mechanical punching method leads
to the deformation of soft substrates and the misalignment of
layers during transfer printing. Zhenlong Huang et al. devel-
oped a framework for 3D integrated soft electronics with a
demonstration of a four-layer circuit (Fig. 5a)."**> Each pre-
designed circuit was stacked layer by layer using transfer print-
ing technology and connected with VIAs for interlayer electri-
cal connectivity. All three types of VIAs (through VIA, buried
VIA, and blind VIA) were formed by 1064 nm nanosecond-
pulsed laser ablation and controlled soldering. Due to the
robust VIAs, the four-layer 3D integrated soft electronics can
be twisted and poked (Fig. 5b), and achieved stretchabilities of
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Fig. 5 Transfer printing for 3D integrated soft electronics. (a) Schematic of a 3D integrated stretchable circuit. (b) Optical image of a four-layer
stretchable circuit in unstretched, twist, and poke states. Reproduced from ref. 112 with permission from the Nature Publishing Group, copyright
2018. (c) Schematic of a 3D integrated soft system packed with a network material. (d) Optical image of a network material-based three-layer
stretchable circuit. Reproduced from ref. 115 with permission from the American Association for the Advancement of Science, copyright 2022.
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50%, 35%, and 20% in the vertical, horizontal, and equal-
biaxial directions, respectively. Yet, due to the restriction of
out-of-plane deformation for the stretchable serpentine inter-
connects, soft elastomer-based packing materials could highly
influence the system stretchability, especially for 3D integrated
electronics."**''* Honglie Song et al used a polyimide
network material (Fig. 5¢) as a constraint-free platform and a
3D integrated soft system with high areal coverage (~110%)
was developed (Fig. 5d)."**> Because the cellular encapsulation
of the network materials did not apply any constraints on the
out-of-plane deformation of interconnecting wires, the system
showed excellent elastic stretchability of around 7.5 times that
of PDMS elastomer encapsulation. Despite considerable effort,
there are still many challenges to be overcome for 3D inte-
grated soft electronics."*®''® First, the thermal management
of 3D integrated soft electronics is lacking, which will limit the
integration density and performance of high-power devices.
Second, the mechanical stability at the interface of elastic
encapsulation/rigid chips is poor owing to the concentration
of stresses. Advanced thermal management and interface
stress modulation technologies need to be further studied.

Conclusions and future outlook

This paper presents a brief review of transfer printing techno-
logy for soft electronics. Transfer printing provides reliable
routes to assemble nanomaterials into well-designed and con-
trollable 2D and 3D architectures, construct curvy electronics
with conformable stamps, build bioelectronics for various
applications, and achieve the assembly of high-density com-
ponents with 3D integrated technology. Among the wide range
of opportunities for transfer printing technology, one may
focus on studying more controllable protocols to achieve high
complexity, high resolution, and low numbers of defects. The
interfacial adhesion, modulated by surface physics or chem-
istry, and methods assisted by other factors (glue, light, etc.)
need to be extensively studied. Strategies for soft devices in
nanoscale, with greater integration and better stability, should
be improved. Second, transfer printing techniques for 3D inte-
grated soft electronics should be further developed to increase
the function density and system stability. The existing laser
etching method can achieve vertical interconnect access over
tens of micrometers, which cannot satisfy the electrical inter-
connection of devices at the micro/nanoscale. Mechanical
coupling between layers in the 3D integrated device and the
strain isolation method should be studied further to increase
system stretchability. As previously transferred layers have dis-
tortion during the printing process, future transfer printing
techniques should be able to extend the advanced interlayer
alignment process for 3D soft electronics. Third, programma-
ble stamps with actively controlled surfaces may be established
for curve electronics or other configurations. Though curvy
electronics could be constructed with the CAS printing tech-
nique, it is only applicable to relatively regular surfaces such
as spherical surfaces. More advanced stamps should be devel-
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oped to satisfy other surfaces with complex geometries for arti-
ficial robots or biological applications. Finally, it is still chal-
lenging to develop industry-compatible manufacturing pro-
cesses and equipment for large-scale and high-yield products
of soft electronics. Transfer printing technology is incompati-
ble with conventional fabrication processes. The uniformity
and stability of samples demonstrated in the laboratory cannot
satisfy application research on a large scale. Transfer printing
processes and standards for mass production need to be
studied.
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