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1. Introduction

Soft neural electrode arrays that are mechanically matched between neural

tissues and electrodes offer valuable opportunities for the development of
disease diagnose and brain computer interface systems. Here, a thermal
release transfer printing method for fabrication of stretchable bioelec-
tronics, such as soft neural electrode arrays, is presented. Due to the large,
switchable and irreversible change in adhesion strength of thermal release
tape, a low-cost, easy-to-operate, and temperature-controlled transfer
printing process can be achieved. The mechanism of this method is ana-
lyzed by experiments and fracture-mechanics models. Using the thermal
release transfer printing method, a stretchable neural electrode array is
fabricated by a sacrificial-layer-free process. The ability of the as-fabricated
electrode array to conform different curvilinear surfaces is confirmed by
experimental and theoretical studies. High-quality electrocorticography
signals of anesthetized rat are collected with the as-fabricated electrode
array, which proves good conformal interface between the electrodes and
dura mater. The application of the as-fabricated electrode array on detecting
the steady-state visual evoked potentials research is also demonstrated by
in vivo experiments and the results are compared with those detected by

stainless-steel screw electrodes.
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Neurophysiologic monitoring is com-
monly used for diagnosing and treating
neurological disorders such as epilepsy,
Parkinson’s disease, Alzheimer’s dis-
ease, depression, and disorders of the
peripheral nervous system.!!' In neu-
rophysiologic  monitoring techniques,
electroencephalography (EEG) or elec-
trocorticography (ECoG), with the ability
to monitor brain function changes with
high spatiotemporal resolution, is the gold
standard for positioning epileptic foci and
brain function areas. As the core of neu-
rophysiologic monitoring, realizing high-
quality signal collection is an important
topic in the research of neural electrode
arrays. Related researches have indicated
that stretchable/flexible neural electrode
arrays, with their excellent mechanical
and electrical performance, are supe-
rior candidates for the next generation of
implantable devices.>'" The successful
development of stretchable/flexible neural
electrode arrays hinges on good conformal
contact between the array and the tissue, which enables excel-
lent mechanical and electrical properties,®l as well as low-cost,
stable, and high-throughput manufactural techniques.

With the advantages for highly accurate and highly compat-
ibility assembly of micro/nanostructured materials on elas-
tomers, the transfer printing technique is considered to be a
feasible solution for the fabrication of stretchable/flexible neural
electrode arrays.l'2l The transfer printing technique involves the
use of a soft elastomeric stamp to transfer solid micro/nano-
structured materials from a donor substrate onto a receiver
substrate for device integration.'3] In this technique, dynamic
control of the interfacial adhesion between the stamp and the
object to be transferred plays a crucial role in completing suc-
cessful transfer printing. As shown in Table 1, several strategies
for adhesion control of transfer printing technique have been
proposed and applied in the stretchable bioelectronics fabrica-
tion (e.g., complex 3D mesostructures,!'*2% wireless biomed-
ical devices,[721-%l and epidermal sensor systems?328-3%),

However, some drawbacks of current adhesion control strat-
egies also emerge. The tunability of the kinetic control strategy
based solely on the peeling velocity-dependent adhesion of
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Table 1. List of transfer printing methods.
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Strategies Mechanism References
Kinetic control Adjusting the viscoelasticity of stamps at different peeling rates [13,36-39]
Surface-relief-assisted control Changing contact area between stamp surface and microdevices [40-43]
Load-enhanced control Utilizing the mechanical loading of stamps to modulate adhesion strengths [44-46]
Laser-driven control Inducing large thermal mismatch between the stamp and microdevices [47,48]
Shape memory driven control Adopting shape memory effect of stamps to manipulate reversible dry adhesion via temperature change [49-51]

elastomeric stamps is quite limited. In order to increase the
strong to weak adhesion ratio, additional lithography pro-
cesses associated with modifying stamps by inducing relief
microstructures on the stamp surface may be employed. These
may impact the cost and convenience in the manufacture of
stretchable bioelectronics. Moreover, many implementations
of stretchable/flexible bioelectronics employ polyimide (PI),
a polymer with excellent mechanical properties and thermo-
stability,!!l as a flexible passivation layer to reinforce the metal
layers.P?l The insufficient strong to weak adhesion ratio of
kinetic control strategy requires an additional thin layer of poly-
methyl methacrylate (PMMA) as a sacrificial layer on the donor
substrate before the fabrication of the bioelectronics to decrease
the interfacial adhesion between the bioelectronics membrane
and the substrate.>3>>35 Extra processing steps related to the
fabrication and removal of the sacrificial layer increase the com-
plicacy of the process. Besides, the conventional thick stamp
(e.g., shape memory polymer, polydimethylsiloxane (PDMS), or
microstructured elastomer) used for picking up is hard to be
compatible with the roll-to-roll process.

Here, we propose a thermal release transfer printing
approach for stretchable bioelectronics manufacture, which
is expected to provide a solution to the challenges mentioned
above. In this approach, a thermal release tape (TRT) is used
as a stamp to replace the conventional thick elastomer stamp.
TRT is a kind of thin, flexible and roll-to-roll compatible tape,
which shows large, switchable and irreversible change in adhe-
sion strength when it is heated to around 100 °C. Although
several successful applications of TRT in transferring mono-
layer 2D materials (e.g., graphenel>"] or MoS,”®), ink,>”
and siliconl® have been demonstrated by controlling adhe-
sion strength of TRT via varying the temperature, the prin-
ciple of thermal release transfer printing with TRT has not
been discussed in details. In this study, the mechanism of this
approach is analyzed by studying the peeling velocity and tem-
perature dependence of energy release rate with experiments
and fracture-mechanics models. The models demonstrate that
thermal released transfer printing method has a larger strong
to weak adhesion ratio than the kinetically controlled transfer
printing method. By utilizing the large strong to weak adhesion
ratio of TRT, the metal/PI based microdevices can be picked
up directly from PI/glass interface using a sacrificial-layer-
free process, and printed onto a PDMS substrate by thermal
treatment. Due to the small Van der Waals force between the
conventional PDMS stamp and microdevices, the retrieval of
the metal/PI-based microdevices cannot be accomplished by
the common kinetically controlled transfer printing method if
no sacrificial layer is fabricated.>** Using the thermal release
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transfer printing approach, a stretchable neural electrode array
on ultrathin elastomeric substrate has been designed and
fabricated. By theoretically and experimentally evaluating the
contact performance of the electrodes with various elastomeric
substrate thicknesses, good conformal contact is realized when
using a substrate thinner than the calculated critical thick-
ness. The in vivo ECoG measurement experiments on anesthe-
tized rats have demonstrated the feasibility of the design and
the fabrication method. The levels of fidelity in ECoG signals
that detected by the as-fabricated neural electrode array with
an optimized substrate thickness are comparable with or even
better than those detected by standard stainless-steel screw
electrodes. The application of the as-fabricated electrode array
on detection of steady-state visual evoked potentials (SSVEP)
response has also been demonstrated by in vivo experiments
and the results have been compared with stainless-steel screw
electrodes.

2. Results and Discussion

Figure 1a illustrates the general process of thermal release
transfer. The process starts from the conformal contact between
the functional membrane and TRT. After TRT is bonded with
the top surface of membrane, the functional membrane to be
transferred is peeled away from the donor substrate by the
adhesion force of bonded TRT. Then the functional membrane
on the TRT is transferred to the receiver substrate by con-
tacting the membrane with the substrate. A following heating
step to a temperature higher than the transition temperature
(T;) weakens the adhesion between the membrane and TRT,
leading to the separation of TRT from the membrane. Then, the
as-transferred membrane is “printed” on the receiver substrate
and the thermal release transfer process is completed. It can be
seen from the processes that the core of the process is to finish
the transfer and printing by adjusting the adhesion property of
stamp. Successful thermal transfer release highly depends on
the changing of the adhesion property between the membrane
and TRT from a strong one to a weak one. As the adhesion
strength of TRT can be adjusted by a transition temperature
T; (i.e., the melting point), the adhesion behavior of TRT is a
temperature-dependent two-stage one. When the temperature
increases to be higher than T;, the weakened adhesion strength
of TRT makes it be easily removed from the membrane bonded
at a low temperature (<T;). The thermal transfer release process
can be modeled by two competing fracture paths that have dif-
ferent energy release rates (G): the TRT/membrane interface
and the membrane/substrate interface. The energy release rate

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The mechanism of thermal release transfer printing process. a)
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Schematic illustration of thermal release transfer printing method. b) Experi-

mental data and theoretical analysis’ results of the relationship between the temperature and energy release rate of TRT/PI and PI/PDMS interface.
) Schematic diagram showing the change of TRTs’ energy release rate by controlling temperature. d) Experimental data and theoretical analysis’ results
of the relationship between the velocity and the energy release rate of TRT/PI and PDMS/PI interface. The dotted line represents the energy release
rate of Pl/Glass interface. e) The contour map showing the relationship between velocity, temperature and energy release rate of TRT/PI interface.

G for these fracture paths can be described as steady-state crack
propagation, which can be determined by!'l

G

F
” (1

where F is the peeling force, w is the width of the interface.
According to the Griffith criterion, G describes the energy of
interfacial bond breaking and adhesive dissipation around the
crack tip, and the crack will propagate steadily when the value of
G reaches the critical G value. After denoting the critical G value
for the membrane/donor substrate, membrane/receiver substrate
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and the TRT/membrane interface by Giemprane/donor substrate,
Gmembrane/receiver substrater and GTRT/membrane’ reSPeCﬁVel}’y the
picking up and printing process can be described by the rela-
tion between critical energy release rates G of these three inter-
faces. To successfully pick up the functional membrane from
the donor substrate, Grrrmembrane 1S Tequired to be larger than
Grnembrane/donor substrate- 111 Other words, the crack will start to propa-
gate in the membrane/donor substrate interface first. Conversely, if
GTRT/membrane is smaller than Gmembrane/receiver substrater the crack will
initiate and propagate at the TRT/membrane interface, i.e., TRT
will be peeled off from the bonded functional membrane and the
functional membrane will be “printed” on the receiver substrate.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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As Gmembrane/donor substrate and Gmembrane/receiver substrate dePend
on the material properties of the membrane/donor substrate

and membrane/receiver substrate interfaces and are stable for
most material combinations, the key of thermal transfer release
process is to control the critical energy release rate of the TRT/
membrane interface (Grrrmembrane)- Since the adhesion of TRT
depends on temperature, Grrrmembrane 1S temperature related.
The temperature dependency of Grrrjmembrane 1S €xperimentally
measured at the temperature ranging from 20 to 100 °C, in a
system with PI as the membrane, as indicated by Figure 1b. It
can be seen that Grryjmembrane Significantly decreases when the
temperature is higher than about 80 °C. Based on the experi-
mental results, an analytical model is proposed for the relation
between the temperature and Grryjmembrane

GTRT/membrane (T)
_ {—er(T’T‘)”“(G“’G‘) +Gy T<T, 2)
G, T>T,

where T is the current temperature, e is the Euler’s constant, G,
is the initial critical energy release rate, G, is the critical energy
release rate when the adhesives on TRT is deactivated. T; is the
transition temperature above which the adhesive force of TRT
rapidly reduces, yis a parameter depending only on the com-
positions of materials. When G, = 157.5 ] m™2, G, =0 ] m~2,
y=0.15, T, = 90 °C, the relation between the temperature and
GTRT/membrane 1S plotted in Figure 1b and shows good agreement
with the experimental data. Moreover, the relation between the
critical energy release rate of the PI/PDMS interface (Gpy/ppus)
and the temperature is also shown in Figure 1b. It is seen that
the Gpyppms does not change obviously in the temperature
range from 20 to 100 °C. When the temperature is higher than
90 °C, due to that Grgyyp; < Gpyjcppms, the PI membrane can be
released from TRT to the PDMS substrate. Therefore, PDMS
can be used as a receiver substrate in the thermal release
transfer printing method.

As shown in Figure 1c, the entire thermal transfer release
process can be separated into “picking up” and “printing”
parts by the temperature point T, and T,. When the tem-
perature is lower than T, Grrrjmembrane iS larger than critical
energy release rate of the membrane/donor substrate interface,
Grembrane/donor substrater the crack prefers to propagate at the
membrane/donor substrate interface, which makes the mem-
brane be easily picked up from donor substrate. After trans-
ferring the membrane onto the surface of the target substrate
with TRT, heating the target substrate will lead to decrease of
GTRT/membrane:  When the temperature is higher than T
GRT/membrane Will be smaller than the critical energy release rate
of the membrane/receiver substrate interface, Gembranereceiver
substrate- 110 this circumstance, peeling off TRT leads to crack
propagation at the TRT/membrane interface and the mem-
brane is “printed” on the target substrate.

The discussion on the role of energy release rate in the
thermal transfer release process provides an insight into the
mechanical nature of thermal transfer release process. From
the perspective of energy release rate, we can also see the advan-
tage of thermal transfer release process. Being similar with
the thermal transfer release process, conventional kinetically
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controlled transfer printing is dominated by adjusting energy
release rate of stamp/membrane interface with changing
peeling speed of stamp. The critical energy release rate of the
interface between the membrane and the popular PDMS stamp
used in kinetically controlled transfer printing, which can be
obtained from experimental results in Figure 1d and Figure S1
(Supporting Information), is much smaller than the critical
energy release rate of TRT/membrane interface. The large crit-
ical energy release rate makes it possible to use TRT to directly
pick up functional membranes from donor substrates with a
large Ginembrane/donor substrate (Figure S2, Supporting Informa-
tion). From the example in Figure 1d, in a system with PI as
the membrane, the critical energy release rate of the PI/Glass
interface (Gpy/glass) is about 79.7 ] m™2, obtained from peel test
(Figure S3, Supporting Information). As the Gpjglass 18 always
smaller than Grreyp; and larger than Gppys/p; Wwhen the peeling
velocity ranges from 0 to 7.8 cm s71, the TRT is able to pick
up PI directly from glass substrate but PDMS is unable to.
In other words, it is necessary to coat PMMA as a sacrificial
layer to decrease the interfacial adhesion between PI and donor
substrate for the kinetically controlled transfer printing using
PDMS as a stamp, whereas transfer printing with the thermal
transfer release process using TRT as a stamp can avoid the
preparation of a sacrifice layer between the donor substrate and
the functional membrane.

The influence of peeling velocity on the critical energy
release rate Grrrmembrane Nas also been carefully studied. The
relation between Grgryp; and peeling velocity measured at 20 °C
is plotted in Figure 1d. It is observed that a larger critical energy
release rate Grrymembrane Can be obtained by increasing the
peeling velocity. Faster peeling of TRT makes the separation
between PI and the donor substrate easier. The investigation
shows that Grrrymembrane €an be considered to be determined
by two parameters, temperature, and peeling velocity. Then,
Equation (3) can be further developed as

G1RT/membrane (V» T)

(—eﬂT_Tr)Hn(GD_G') + GO) 1+(L) T<T, (3)

Vo
G, |1 +(—)
Vo

where v is current peeling velocity, v, is the reference velocity,
n is an undetermined parameter, which can be calculated by
fitting experimental data. As indicated by Figure 1d, when
vy = 0.5 cm s7%, n = 0.54, the result of the analytical model and
experiments are consistent. According to Equation (3), a con-
tour plot (Figure 1e) can be used to illustrate the relation among
peeling velocity of TRT, temperature, and critical energy release
rate. It can be seen from Figure le that the critical energy
release rate Grryjmembrane Can be controlled in a wide range by
adjusting the peeling velocity of TRT and the temperature in
the thermal transfer release process. The wide-range adjustable
GrRT/membrane Provides the ability to transfer functional mem-
branes from donor substrates with different critical energy
release rates Gpembrane/donor substrate: FUrthermore, the TRT used
in this method can pick up microdevices much easier than

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Fabrication of a neural electrode array using the thermal release transfer printing method. a) Exploded view schematic diagram of the elec-
trode array layout. b) Schematic illustration of the fabrication process for transferable neural electrode array on PDMS using the thermal release transfer
printing method. c) Transferable stretchable neural electrode array made on glass. d) Picking up the stretchable neural electrode array by TRT. e) The
neural electrode array printed on the PDMS substrate after the thermal treatment and peeling off the TRT.

kinetically controlled transfer printing due to its larger strong
to weak adhesion ratio.

Moreover, the applicability of Equations (2), (3) is also vali-
dated in TRT/polyethylene terephthalate (PET) system. The
plots in Figure S4a,b indicate that when change the membrane
from PI to PET, the result of experiments is also consistent with
the corresponding analytical models (Equation (3); Equation S7,
Supporting Information). These analyses clearly show that the
proposed theoretical model in this study is applicable to not
only TRT/PI interface, but the interface involving TRT and
other materials.

By using the thermal transfer release process, a stretchable
neural electrode array is designed and fabricated. Figure 2a
shows the schematic illustration of a stretchable neural elec-
trode array consisting of nine channels with a three-layered
serpentine-like interconnect structure. An 80 nm thick Au layer
encapsulated with PI (1 um thick on the top and 0.7 um on
the bottom) serves as the conductive layer to collect the ECoG
signal. The layout of the Au conductive layer includes three
parts: the output part, the interconnect part, and the input part.
The output part is designed as nine parallel square pads to con-
nect to the anisotropic conductive film (ACF) cable of ECoG
recorder. The interconnectors are serpentine lines with 100 um
in width. Nine small circles, serving as the input part, are con-
nected to the output part via the serpentine interconnectors. The
PI layer on the top of the output part (square pad) and the input
part (circles) are removed to provide electrical connectivity.

A schematic of the fabrication procedures of such a device
using the thermal release transfer process is illustrated in

Adv. Sci. 2017, 4, 1700251 1700251 (5 of 11)

Figure 2b. The fabrication starts from spin-coating a layer of
polyimide onto a glass slide at 4000 rpm to make the bottom
layer of electrodes. After amination at 180 °C for 2 h, an Au layer
with the designed pattern is deposited on the PI layer using
the standard lift-off technique. Then the bottom PI is etched by
0.5% sodium hydroxide solution (NaOH) to obtain the micron/
nanosized pattern. After that, another layer of polyimide is spin-
coated at 3000 rpm and aminated at 120 °C for 20 min in order
to serve as the top layer. The top PI layer can be patterned using
the photolithography process. After photolithography and devel-
oping of the top PI layer, the electrode array is obtained on the
glass slide. Before transfer printing, the elastomeric substrate
(PDMS) is preprocessed in ultraviolet light for 2 min in order
to clean and activate its surface. Then the electrode array can be
picked up directly by TRT and printed to PDMS substrate by a
heating step. As can be seen in Figure 2c—e, the as-prepared PI/
Au/PI membrane is in good condition during the entire thermal
transfer release process (more detailed images can be seen in
Figures S5 and S6, Supporting Information and Supporting
Information video 1). The integrity of the transferred micron/
nanosized devices on elastomeric substrates attests to the feasi-
bility of the thermal release transfer printing method.

Neural interfaces have to be mechanically compliant to pro-
mote conformal contact in order to accurately detect ECoG
signals from the brain. As shown in Figure 3a, the conformal
contact issue of neural electrode array can be simplified as how
to keep a membrane wrapping around a cylinder with certain
radius. The formula of the conformal critical diameter is shown
as the followingl®!

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Mechanical modeling and electrical/mechanical characteristics of the electrode. a) The mechanics model for a thin film wrapping around a
rat brain and a cylinder of radius R. b) Total bending stiffness of stretchable neural electrode arrays on PDMS substrates of the different mixing ratio
as a function of the PDMS thickness. ¢) Comparing results from the mechanics modeling and wrapping experiments. d) The contour map showing
the relationship between the conformal critical radius (R), thickness and Young's modulus of the elastomeric substrate. e) Electrochemical impedance
spectra, magnitude (left) and phase (right), measured at nine different recording sites in the stretchable neural electrode array configured for ECoG.
f) The FEA strain distribution results of the electrodes arrays when under 10.4% uniaxial stretching along the vertical direction. g) The FEA strain
distribution results of the electrodes arrays when bending to a radius of curvature of 7.5 mm.

EI

> =
Y27 R'D

“)
where y is the adhesion energy per unit area, b is the width
of PI pad (b = 3690 um, Figure S7, Supporting Information).
y is about 10 m] m™2, according to the reported values for
wet interfaces.P! According to Equation (4), the total bending
stiffness, EI, is the key variable in conformal contact issue.
The detail calculations of EI are illustrated in Supporting
Equations S1-S3 and Figure S7 (Supporting Information).
The EI of a stretchable neural electrode majorly depends on
the Young’s modulus and the thickness of the elastomeric sub-
strate. As shown in Figure 3b, EI of the electrode will quickly
increase with increase of substrate thickness (Equations S1
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and S2, Supporting Information). According to previous
study,®! the Young’s modulus of PDMS with mixing ratios
of 10:1, 20:1, 30:1, are 2900, 841, and 237 KPa, respectively.
With the same thickness of substrate, the EI of the electrode
with a higher Young’s modulus is larger than that with a lower
Young's modulus. The values of the critical adhesion energy,
Y. for the neural electrode array (with the substrate of 20:1
PDMS) wrapping around cylinders of different radiuses are
calculated according to Equation (4), as shown in Figure 3c.
When y 2 v, neural electrode array would wrap around the
cylinder. The corresponding experimental results (details
shown in Figure S8, Supporting Information) demonstrate
that reducing the substrate thickness provides clear benefits.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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For example, it is possible to wrap a cylinder with R = 6 mm
using only capillary adhesion forces when the thickness of
PDMS is less than 135.5 um. In other words, due to the min-
imum bending radius of curvature of a rat brain is 6 mm,[! it
is possible to enhance conformal contact between the electrode
and the brain surface when the thickness of the device is less
than 135.5 um with the substrate of 20:1 PDMS. Furthermore,
according to Equation (4), a contour plot (Figure 3d) can illus-
trate the relationship between the Young’s modulus, the thick-
ness of the elastomeric substrate, and the wrapping radius. For
a certain radius surface to be wrapped, the conformal contact
can be improved by adjusting the Young’s modulus and the
thickness of the elastomeric substrate. Therefore, based on
the above analysis, the PDMS with 50 um in thickness and
841 KPa of Young's modulus is used as the substrate of neural
electrode to collect ECoG signals in our experiments.

The electrical and mechanical properties of the as-fabricated
electrode array have been experimentally evaluated. As the
impedance of the electrode array is closely related to the noise
level and the signal-to-noise ratio (SNR) of the recorded sig-
nals,[®? the frequency dependence of electrode impedance has
been measured. The plots in Figure 3e illustrate the impedance
of each channel in array. Magnitude and phase of the imped-
ance for each channel is at the same level with the previous
reported experiment result of reported Au electrode,® indi-
cating the ability for multichannel electrical activity recording
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of the stretchable neural electrode. The impedance spectra after
10.4% applied strain and 100 cyclic stretching (10.4% applied
strain) are also measured, which are shown in Figures S9
and S10 (Supporting Information). The results illustrate that
there is no obvious change in impedance magnitude and phase
of the device after 100 cyclic stretching with 10.4% applied
strain. The mechanical properties of the stretchable neural elec-
trode have been analyzed with experiments and finite element
analysis (FEA). As shown in Figure 3f, according the strain
distribution in the Au layer derived from the FEA results, no
elastic—plastic transition occurs when the substrate is stretched
to 10.4%. The images in Figure S11 (Supporting Information)
of as-fabricated electrode array under cyclic stretching from 0%
to 10.4% for 2000 times indicate that no apparent cracks have
been observed on it, which is consistent with the FEA result
of the strain distribution in the Au film layer. The zoomed-in
deformation of electrode obtained by FEA shown in Figure 3f
is also consistent with the optical image of stretched electrode.
FEA results shown in Figure 3g corresponding to experimental
result demonstrate that the strain in the Au layer does not reach
the yield strain (=0.3%) upon bending on a rigid cylinder with a
radius of =7.5 mm. These experiment and FEA results indicate
that the mechanical properties of as-fabricated electrode array
facilitate the use of such a device on the tissue and brain.
Figure 4 displays ECoG measurement from anesthetized rats
using UEA-FZ amplifier (SYMPTO Company, Beijing, China).
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ché WM/WL, ché
Ch7 WM/M Ch7
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cho WMM chg iy st o

Ch10 b Atrne  CHLO iy ol o o
Ch1l oMo Astatien Ch1l rofin fWnn M by s

Ch12 i AMsaWse  Ch12
ch13 WMW*’W‘"JE Ch13 Mw—wvi‘\/\de

10m 1s

Before test Conformal contact PDMS 467 um PDMS 50 um

Figure 4. Photographs and data from murine validation experiments. a) The anatomy and locations of the stretchable neural electrode arrays relative
to the visual cortex. Schematic illustration of nine channels of stretchable neural electrode array, four channels of stainless-steel screw electrode, and
one channel of reference electrode. b) Images of electrode array after connection with heat seal connector. c) Photograph of a nine-channel stretchable
neural electrode array placed on the visual cortical surface of the left hemisphere of a rat. d) Representative ECoG signals recorded by the stretchable
neural electrode array with a 467 um thick PDMS substrate (channels 1-9) and stainless-steel screw electrodes (channels 10-13). e) Representative
ECoG signals recorded by stretchable neural electrode array with a 50 um thick PDMS substrate (channels 1-9) and stainless-steel screw electrodes
(channels 10-13).
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As shown in Figure 4a, two kinds of electrodes have been used
for comparison: four channels with stainless-steel screw elec-
trodes (diameter, 500 um) and nine channels with stretchable
neural electrode array. All the electrodes are attached to dura
mater. The rectangle window (4 x 4.5 mm) for the stretchable
neural electrode array and the locations of the stainless-steel
screw electrodes are in symmetric visual cortex area. Figure 4b
and Figure S12 (Supporting Information) indicate the good con-
nection of heat seal connector (HSC) between the as-fabricated
stretchable neural electrode array and the printed circuit board
(PCB). Figure 4c shows a photograph of a stretchable neural
electrode array with a 50-um-thick PDMS substrate fitting on the
visual cortical surface of the left hemisphere of a rat, which indi-
cating a good conformal contact between the electrode array and
the curved surface of the rat’s brain. The stretchable devices with
a 50-um-thick and a 467-um-thick PDMS substrates are selected
to compare in ECoG recording. The experiment results are shown
in Figure 4d,e, respectively. In order to evaluate the fidelity of
ECoG signals obtained by 50-um-thick and 467-pum-thick stretch-
able neural electrode array, the rms amplitude and correlation
coefficients of ECoG signals are calculated by Equations S4 and
S5 (Supporting Information), which are shown in Tables S1-S4
(Supporting Information). Although the ECoG rms amplitudes
of 467-um-thick PDMS neural electrodes are larger than that of
screw electrodes, the correlation coefficients of them are smaller
than 0.25. The overlarge rms amplitudes and small correlation
coefficients demonstrate the low fidelity of ECoG signals. The
phenomenon can be interpreted as that obvious environmental
noises mixed in the ECoG signals are detected due to the non-
conformal contact in neural interface since 467 um is larger than
the calculated critical thickness of 135.5 um.

On the other hand, the stretchable device with a 50-um-thick
substrate performs much better. Not only the ECoG rms
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amplitudes of the 50-um-thick PDMS neural electrode array
are larger than those of the screw electrodes, but also the cor-
relation coefficients of them are larger than 0.78 (shown in
Tables S3 and S4 in the Supporting Information). The results
indicate that nearly all channels of the 50-um-thick PDMS
neural electrodes are in good contact with the brain and the
stretchable neural electrode array with a proper thickness can
record good ECoG signals.

The steady-state visual evoked potential (SSVEP) represents
a periodic response evoked by a repetitive visual stimulus with
a frequency above 4 Hz, which has been widely used in brain—
computer interface (BCI) and frequency tagging research.[0364
In order to acquire SSVEP, a LED with 3 W in power is fixed
between the two eyes of a rat with a distance of 5.6 c¢m, as
shown in Figure 5a. The rat is exposed to flash stimulus with
a low square-wave frequency of 8 Hz. As shown in Figure 5b,c,
a clear peak at the expected frequency range can be observed
at the power density spectra for both the stretchable and the
stainless-steel screw (rigid) neural electrodes. By quantitatively
comparing the performance of different types of electrodes
to 8 Hz flash, we find that the SSVEP SNR of the stretchable
neural electrode (Ch 6) is higher than that of the stainless-steel
screw neural electrode (Ch 13), implying that the stretchable
electrode might exhibit a relatively stronger response to 8 Hz
flash. To further check the stability of this observation, we plot
the power density spectra of all the channels in Figure S13 of
Supporting Information and calculated their corresponding
SSVEP SNR (shown in Figure 5d). Consistent with above
finding, the results demonstrate that the stretchable electrodes
show stronger response to 8 Hz flash than those of stainless-
steel screw electrodes. Therefore, the conclusion can be safely
drawed that the stretchable neural electrode array has better
SSVEP response.
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Figure 5. The steady-state visual evoked potential (SSVEP) of the rat. a) The location of the LED relative to the rat used in detecting SSVEP. b) Power
density spectra of the SSVEP recorded over a 3 min time window for stretchable neural electrode array of Ch. 6. c) Power density spectra of the SSVEP
recorded by stainless-steel screw (rigid) electrode of Ch. 13 over the same period. d) Comparisons of the SSVEP SNR in stretchable neural electrode
array and the stainless-steel screw (rigid) electrode at the frequency of 8 Hz.
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3. Conclusion

In summary, we have demonstrated a thermal release transfer
printing method to fabricate stretchable conformal neural elec-
trode array. It is shown that the TRT used in this method can
pick up microdevices much easier than a conventional transfer
printing stamp due to its large strong to weak dry adhesion
strength ratio. A dry adhesive and sacrificial-layer-free transfer
printing process can be developed for metal/PI based microde-
vices manufacture. Based on the fracture-mechanics approach,
the peeling velocity dependency and temperature dependency
of the energy release rate of this transfer printing method is
established by experimental data and theoretical analysis. It is
also found that the extent of conformal coverage increases with
decreasing elastomeric substrate thickness, which is verified by
wrapping experiments on a single cylinder with the PDMS sub-
strates of different thicknesses. The calculated critical thickness
for a PDMS substrate with a Young’s Modulus of 841 KPa is
135.5 um for wrapping the brain of rat. In vivo, the surgeries
in a rat have demonstrated that the stretchable electrode array
with a 50 pm thick substrate maintained perfect contact against
the curved surface of the brain in the rat. Further surgeries have
indicated that SSEVP responses recorded by the stretchable
neural electrode array are more obvious than those detected by
stainless-steel screw electrodes. In the future, thermal release
transfer printing method is expected to be useful for the manu-
facture of other stretchable medical devices including sensor
skins, wireless application of bioelectronics, and stretchable
health monitoring sensor.

4. Experimental Section

Fabrication of Stretchable Conformal Bioelectronics on Glass: The TRT
(Revalpha, Nitto Denko) was utilized to transfer print microdevices to
the ultrathin PDMS (Dow Corning Sylgard 184, fabricate on PTFE culture
dish) substrates. The energy release rate was tested by a universal
material experiment machine (Shimadzu, Japan).

Finite Element Analysis: ABAQUS commercial software was used to
study the mechanics properties of the stretchable conformal neural
electrode array on the ultrathin elastomeric PDMS substrate. The PDMS
substrate was modeled by the hexahedron element (C3D8R), while the
PI/Au/PI mesh structure was modeled by the composite shell element
(S4R). An ideal elastic—plastic constitutive relation with a Young's
modulus of 78 GPa, Poisson’s ratio of 0.44, and yield strain of 0.3%
describe the mechanical behavior of Au. The Young's modulus and
Poisson’s ratio are 2.5 GPa and 0.34 for PI.

ECoG Signals Measurement: All experiments are approved by the
Ethical Committee on Animal Experimentation of the University of
Electronic Science and Technology of China (UESTC). Four male
Sprague—Dawley rats (body weight around 270 g) were used in the study.
All the rats were in narcotism by injecting 1% pentobarbital sodium
into cavum abdominis (60 mg kg™'). All stereotactic coordinates were
relative to bregma with the skull surface flat, according to Paxinos
and Watson.[®] Four small holes were drilled in the skull over primary
(secondary) visual cortex (regions potentially involved in SSVEP
generation), and drilled vertically to skull surface flat. One small hole
was drilled at cerebellum. Stainless-steel screw electrodes (diameter,
500 um) were implanted in the drill holes, with the reference position
at cerebellum (Cb), which exhibits lower activity compared to other brain
sites. The 13-electrode location is shown in Figure S14 (Supporting
Information) and the design of PCB is shown in Figure S15 (Supporting
Information). Experiments were performed in a well-lit and shielded
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dark room. Before the circular stimulus, the data of a 5 min long control
period was recorded for each rat. Next, rats were sequentially exposed to
the 8 Hz low frequency stimulus. The voltage of LED is 7 V. ECoG was
recorded with a UEA-FZ amplifier using compatible software developed
by our lab (1000 Hz sampling rate), and was filtered using an online
bandpass filter between 0.1 and 120 Hz and a 50 Hz notch filter for the
line frequency interference. The SSVEP SNR was calculated by Equation
S6 of Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

Y.L, T.P.,, and Y.X. discussed and initiated the project and Y.L. supervised
the project. Z.Y. conducted the fabrication experiments. Z.Y. and T.P.
conducted the mechanical simulations. C.C., M.X., W.J., and Z.Y.
made biological experiments on anesthetized rat. C.C., G.Y., Z.Y,, and
F.L. performed the cycle loading measurement, optical imaging, and
electrochemical measurement. Z.Y.,, Y.L, T.P., C.C, MX, LH, Y.C,
W.J., HZ., M.G., D.G,, and Y.X. analyzed the data and co-wrote the
manuscript. All authors reviewed and finalized the manuscript. This
work was supported by the National Basic Research Program of China
(973 Program) under Grant No. 2015CB351905 and the National
Natural Science Foundation of China (Nos. 61527815, 81571770,
and 81371636), the Technology Innovative Research Team of Sichuan
Province of China (No. 2015TD0005), “111” project (No. B13042), and
the Fundamental Research Funds for the Central Universities of China
(No. ZYGX2015)140).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

brain-computer interface (BCl), neural electrode arrays, stretchable
electronics, transfer printing

Received: May 29, 2017
Revised: July 8, 2017
Published online: July 31, 2017

[11 J. A. Rogers, R. Ghaffari, D. H. Kim, Stretchable Bioelectronics for
Medical Devices and Systems, Springer, Switzerland, 2016.

[2] H. Zhang, L. Xie, M. Yu, Z. Liu, Y. Li, Z. Yu, Eng. Sci. 2013,
11, 72.

[3] I. R. Miney, P. Musienko, A. Hirsch, Q. Barraud, N. Wenger,
E. M. Moraud, ). Gandar, M. Capogrosso, T. Milekovic, L. Asboth,
R. F. Torres, N. Vachicouras, Q. Liu, N. Pavlova, S. Duis,
A. Larmagnac, ). Voeroes, S. Micera, Z. Suo, G. Courtine,
S. P. Lacour, Science 2015, 347, 159.

[4] D. Khodagholy, T. Doublet, P. Quilichini, M. Gurfinkel, P. Leleux,
A. Ghestem, E. Ismailova, T. Herve, S. Sanaur, C. Bernard,
G. G. Malliaras, Nat. Commun. 2013, 4, 1517.

[5] D.-H. Kim, J. Viventi, ). . Amsden, ]. Xiao, L. Vigeland, Y.-S. Kim,
J. A. Blanco, B. Panilaitis, E. S. Frechette, D. Contreras, D. L. Kaplan,

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

F. G. Omenetto, Y. Huang, K.-C. Hwang, M. R. Zakin, B. Litt,
J. A. Rogers, Nat. Mater. 2010, 9, 511.

[6] K. J. Yu, D. Kuzum, S.-W. Hwang, B. H. Kim, H. Juul, N. H. Kim,

S. M. Won, K. Chiang, M. Trumpis, A. G. Richardson, H. Cheng,

H. Fang, M. Thompson, H. Bink, D. Talos, K. J. Seo, H. N. Lee,

S.-K. Kang, J.-H. Kim, J. Y. Lee, Y. Huang, F. E. Jensen, M. A. Dichter,

T. H. Lucas, J. Viventi, B. Litt, J. A. Rogers, Nat. Mater. 2016, 15,

782.

D.-W. Park, A. A. Schendel, S. Mikael, S. K. Brodnick, T. J. Richner,

J. P. Ness, M. R. Hayat, F. Atry, S. T. Frye, R. Pashaie, S. Thongpang,

Z. Ma, . C. Williams, Nat. Commun. 2014, 5, 5258.

D. Kuzum, H. Takano, E. Shim, J. C. Reed, H. Juul, A. G. Richardson,

J. de Vries, H. Bink, M. A. Dichter, T. H. Lucas, D. A. Coulter,

E. Cubukcu, B. Litt, Nat. Commun. 2014, 5, 5259.

J. Viventi, D.-H. Kim, L. Vigeland, E. S. Frechette, ). A. Blanco,

Y.-S. Kim, A. E. Avrin, V. R. Tiruvadi, S.-W. Hwang, A. C. Vanleer,

D. F. Wulsin, K. Davis, C. E. Gelber, L. Palmer, ). Van der Spiegel,

J. Wu, J. Xiao, Y. Huang, D. Contreras, J. A. Rogers, B. Litt, Nat.

Neurosci. 2011, 14, 1599.

[10] N. Kunori, I. Takashima, J. Neurosci. Methods 2015, 251, 130.

[11] T. Sekitani, T. Yokota, K. Kuribara, M. Kaltenbrunner, T. Fukushima,
Y. Inoue, M. Sekino, T. Isoyama, Y. Abe, H. Onodera, T. Someya,
Nat. Commun. 2016, 7, 11425.

[12] A. Carlson, A. M. Bowen, Y. Huang, R. G. Nuzzo, ]. A. Rogers, Adv.
Mater. 2012, 24, 5284.

[13] X. Feng, M. A. Meitl, A. M. Bowen, Y. Huang, R. G. Nuzzo,
J. A. Rogers, Langmuir 2007, 23, 12555.

[14] Z. Yan, F. Zhang, J. Wang, F. Liu, X. Guo, K. Nan, Q. Lin, M. Gao,
D. Xiao, Y. Shi, Y. Qiu, H. Luan, J. H. Kim, Y. Wang, H. Luo, M. Han,
Y. Huang, Y. Zhang, ]. A. Rogers, Adv. Funct. Mater. 2016, 26, 2629.

[15] Y. Zhang, Z. Yan, K. Nan, D. Xiao, Y. Liu, H. Luan, H. Fu, X. Wang,
Q. Yang, J. Wang, W. Ren, H. Si, F. Liu, L. Yang, H. Li, . Wang,
X. Guo, H. Luo, L. Wang, Y. Huang, |. A. Rogers, Proc. Natl. Acad.
Sci. USA 2015, 1712, 11757.

[16] Y. Liu, Z. Yan, Q. Lin, X. Guo, M. Han, K. Nan, K. C. Hwang,
Y. Huang, Y. Zhang, |. A. Rogers, Adv. Funct. Mater. 2016, 26,
2909.

[17] Z. Yan, F. Zhang, F. Liu, M. Han, D. Ou, Y. Liu, Q. Lin, X. Guo,
H. Fu, Z. Xie, M. Gao, Y. Huang, ). Kim, Y. Qiu, K. Nan, J. Kim,
P. Gutruf, H. Luo, A. Zhao, K.-C. Hwang, Y. Huang, Y. Zhang,
J. A. Rogers, Sci. Adv. 2016, 2, e1601014.

[18] Z. Yan, M. Han, Y. Yang, K. Nan, H. Luan, Y. Luo, Y. Zhang,
Y. Huang, ). A. Rogers, Extreme Mech. Lett. 2017, 11, 96.

[19] K. Nan, H. Luan, Z. Yan, X. Ning, Y. Wang, A. Wang, ]. Wang,
M. Han, M. Chang, K. Li, Y. Zhang, W. Huang, Y. Xue, Y. Huang,
Y. Zhang, ). A. Rogers, Adv. Funct. Mater. 2017, 27, 1604281.

[20] S. Xu, Z. Yan, K.-I. Jang, W. Huang, H. Fu, J. Kim, Z. Wei, M. Flavin,
J. McCracken, R. Wang, A. Badea, Y. Liu, D. Xiao, G. Zhou,
J. Lee, H. U. Chung, H. Cheng, W. Ren, A. Banks, X. Li, U. Paik,
R. G. Nuzzo, Y. Huang, Y. Zhang, ). A. Rogers, Science 2015, 347,
154.

[21] G. Shin, A. M. Gomez, R. Al-Hasani, Y. R. Jeong, J. Kim, Z. Xie,
A. Banks, S. M. Lee, S. Y. Han, C. . Yoo, J.-L. Lee, S. H. Lee,
J. Kurniawan, ). Tureb, Z. Guo, J. Yoon, S.-I. Park, S. Y. Bang,
Y. Nam, M. C. Walicki, V. K. Samineni, A. D. Mickle, K. Lee,
S. Y. Heo, ). G. McCall, T. Pan, L. Wang, X. Feng, T.-i. Kim, J. K. Kim,
Y. Li, Y. Huang, R. W. Gereau, J. S. Ha, M. R. Bruchas, . A. Rogers,
Neuron 2017, 93, 509.

[22] J. Kim, P. Gutruf, A. M. Chiarelli, S. Y. Heo, K. Cho, Z. Xie, A. Banks,
S. Han, K.-I. Jang, J. W. Lee, K.-T. Lee, X. Feng, Y. Huang, M. Fabiani,
G. Gratton, U. Paik, J. A. Rogers, Adv. Funct. Mater. 2016, 27,
1604373.

[23] H. Araki, J. Kim, S. Zhang, A. Banks, K. E. Crawford, X. Sheng,
P. Gutruf, Y. Shi, R. M. Pielak, J. A. Rogers, Adv. Funct. Mater. 2016,
27, 1604465.

[7

[8

9

Adv. Sci. 2017, 4, 1700251 1700251 (10 of 11)

www.advancedscience.com

[24] Y. Ma, M. Pharr, L. Wang, J. Kim, Y. Liu, Y. Xue, R. Ning, X. Wang,
H. U. Chung, X. Feng, J. A. Rogers, Y. Huang, Small 2017, 13,
1602954,

[25] A. M. Hussain, F. A. Ghaffar, S. I. Park, J. A. Rogers, A. Shamim,
M. M. Hussain, Adv. Funct. Mater. 2015, 25, 6565.

[26] X. Huang, Y. Liu, G. W. Kong, J. H. Seo, Y. Ma, K.-I. Jang, J. A. Fan,
S. Mao, Q. Chen, D. Li, H. Liu, C. Wang, D. Patnaik, L. Tian,
G. A. Salvatore, X. Feng, Z. Ma, Y. Huang, ]. A. Rogers, Microsyst.
Nanoeng. 2016, 2, 16052.

[27] ). Kim, A. Banks, Z. Xie, S. Y. Heo, P. Gutruf, . W. Lee, S. Xu,
K.-I. Jang, F. Liu, G. Brown, J. Choi, J. H. Kim, X. Feng, Y. Huang,
U. Paik, J. A. Rogers, Adv. Funct. Mater. 2015, 25, 4761.

[28] S. Yang, Y.-C. Chen, L. Nicolini, P. Pasupathy, J. Sacks, B. Su,
R. Yang, D. Sanchez, Y.-F. Chang, P. Wang, D. Schnyer, D. Neikirk,
N. Lu, Adv. Mater. 2015, 27, 56.

[29] J. Choi, D. Kang, S. Han, S. B. Kim, J. A. Rogers, Adv. Healthcare
Mater. 2017, 6, 1601355.

[30] Y. Liu, J. ). S. Norton, R. Qazi, Z. Zou, K. R. Ammann, H. Liu, L. Yan,
P. L. Tran, K.-I. Jang, ). W. Lee, D. Zhang, K. A. Kilian, S. H. Jung,
T. Bretl, ). Xiao, M. ). Slepian, Y. Huang, J.-W. Jeong, J. A. Rogers,
Sci. Adv. 2016, 2, e1601185.

[31] G. Constantinescu, ). W. Jeong, X. Li, D. K. Scott, K. I. Jang,
H. J. Chung, . A. Rogers, |. Rieger, Med. Eng. Phys. 2016, 38, 807.

[32] Y. Chen, B. Lu, Y. Chen, X. Feng, IEEE Electron Device Lett. 2016, 37,
1.

[33] C. H. Lee, Y. Ma, K.-I. Jang, A. Banks, T. Pan, X. Feng, J. S. Kim,
D. Kang, M. S. Raj, B. L. McGrane, B. Morey, X. Wang, R. Ghaffari,
Y. Huang, J. A. Rogers, Adv. Funct. Mater. 2015, 25, 3698.

[34] H. Chen, B. W. Lu, Y. Lin, X. Feng, IEEE Electron Device Lett. 2014,
35,132.

[35] H. Li, Y. Xu, X. Li, Y. Chen, Y. Jiang, C. Zhang, B. Lu, J. Wang, Y. Ma,
Y. Chen, Y. Huang, M. Ding, H. Su, G. Song, Y. Luo, X. Feng, Adb.
Healthcare Mater. 2017, 6, 1601013.

[36] S.-I. Park, Y. Xiong, R.-H. Kim, P. Elvikis, M. Meitl, D.-H. Kim, J. Wu,
J. Yoon, C.-J. Yu, Z. Liu, Y. Huang, K.-C. Hwang, P. Ferreira, X. Li,
K. Choquette, ). A. Rogers, Science 2009, 325, 977.

[37] C. E. Packard, A. Murarka, E. W. Lam, M. A. Schmidt, V. Bulovic,
Adv. Mater. 2012, 22, 1840.

[38] Y. Qi, J. Kim, T. D. Nguyen, B. Lisko, P. K. Purohit, M. C. Mcalpine,
Nano Lett. 2011, 11, 1331.

[39] Y. Wang, Y. Chen, H. Li, X. Li, H. Chen, Y. Lin, H. Su, Y. Xu, G. Song,
X. Feng, ACS Nano 2016, 10, 8199.

[40] S. Kim, J. Wu, A. Carlson, S. H. Jin, A. Kovalsky, P. Glass, Z. Liu,
N. Ahmed, S. L. Elgan, W. Chen, P. M. Ferreira, M. Sitti, Y. Huang,
J. A. Rogers, Proc. Natl. Acad. Sci. USA 2010, 107, 17095.

[41] ). Wu, S. Kim, W. Chen, A. Carlson, K. C. Hwang, Y. Huang,
J. A. Rogers, Soft Matter 2011, 7, 8657.

[42] H. Chen, X. Feng, Y. Huang, Y. Huang, . A. Rogers, J. Mech. Phys.
Solids 2013, 61, 1737.

[43] H. Chen, X. Feng, Y. Chen, Appl. Phys. Lett. 2013, 103, 151607.

[44] T-H. Kim, A. Carlson, ).-H. Ahn, S. M. Won, S. Wang, Y. Huang,
J. A. Rogers, Appl. Phys. Lett. 2009, 94, 113502.

[45] A. Carlson, H.-J. Kim-Lee, J. Wu, P. Elvikis, H. Cheng, A. Kovalsky,
S. Elgan, Q. Yu, P. M. Ferreira, Y. Huang, K. T. Turner, J. A. Rogers,
Appl. Phys. Lett. 2011, 98, 264104.

[46] C. Andrew, S. Wang, E. Paulius, P. M. Ferreira, Y. Huang,
J. A. Rogers, Adv. Funct. Mater. 2012, 22, 4476.

[47] R. Li, Y. Li, C. L, ). Song, R. Saeidpouraza, B. Fang, Y. Zhong,
P. M. Ferreira, ). A. Rogers, Y. Huang, Soft Matter 2012, 8, 7122.

[48] R. Saeidpourazar, R. Li, Y. Li, M. D. Sangid, C. Lu, Y. Huang,
J. A. Rogers, P. M. Ferreira, J. Microelectromech. Syst. 2012, 21, 1049.

[49] ). D. Eisenhaure, T. Xie, S. Varghese, S. Kim, ACS Appl. Mater. Inter-
faces 2013, 5, 7714.

[50] Y. Huang, N. Zheng, Z. Cheng, Y. Chen, B. Lu, T. Xie, X. Feng, ACS
Appl. Mater. Interfaces 2016, 8, 35628.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

www.advancedsciencenews.com

[51] Y. Xue, Y. Zhang, X. Feng, S. Kim, J. A. Rogers, Y. Huang, J. Mech.
Phys. Solids 2015, 77, 27.

[52] C. Zhou, S. Bette, U. Schnakenberg, Adv. Mater. 2015, 27,
6664.

[53] Y. Zhang, W. R. Chad, H. Luo, Y. Xue, J. Kurniawan, N. H. Cho,

S. Krishnan, Y. Li, Y. Huang, J. A. Rogers, Adv. Healthcare Mater.

2015, 5, 2.

C. Chen, M. Xue, Y. Wen, G. Yao, Y. Cui, F. Liao, Z. Yan, L. Huang,

S. A. Khan, M. Gao, T. Pan, H. Zhang, W. Jing, D. Guo, S. Zhang,

H. Yao, X. Zhou, Q. Li, Y. Xia, Y. Lin, Adv. Healthcare Mater. 2017,

6, 1700305.

[55] J. D. Caldwell, T. ). Anderson, J. C. Culbertson, G. G. Jernigan,
K. D. Hobart, F. ). Kub, M. J. Tadjer, J. L. Tedesco, J. K. Hite,
M. A. Mastro, ACS Nano 2010, 4, 1108.

[56] Y. Lee, S. Bae, H. Jang, S. Jang, S. E. Zhu, S. H. Sim, Y. I. Song,
B. H. Hong, J. H. Ahn, Nano Lett. 2010, 10, 490.

[57] T. Choi, ). K. Sang, S. Park, T. Hwang, Y. Jeon, B. H. Hong,
presented at [EEE |Int. Electron Devices Meeting, Washington,
DC, USA December 2015.

(54]

Adv. Sci. 2017, 4, 1700251 1700251 (11 of 11)

www.advancedscience.com

[58] S. B. Desai, S. R. Madhvapathy, M. Amani, D. Kiriya, M. Hettick,
M. Tosun, Y. Zhou, M. Dubey, J. W. Ager IIl, D. Chrzan, A. Javey,
Adv. Mater. 2016, 28, 4053.

[59] L. Gao, Y. Zhang, V. Malyarchuk, L. Jia, K.-I. Jang, R. C. Webb, H. Fu,
Y. Shi, G. Zhou, L. Shi, D. Shah, X. Huang, B. Xu, C. Yu, Y. Huang,
J. A. Rogers, Nat. Commun. 2014, 5, 4938.

[60] C. H. Lee, D. R. Kim, X. Zheng, Proc. Natl. Acad. Sci. USA 2010, 107,
9950.

[61] Y. Yu, D. Sanchez, N. Lu, J. Mater. Res. 2015, 30, 2702.

[62] J. W. Jeong, M. K. Kim, H. Cheng, W. H. Yeo, X. Huang, Y. Liu,
Y. Zhang, Y. Huang, ). A. Rogers, Adv. Healthcare Mater. 2014, 3,
642.

[63] N. R. Galloway, Human Brain Electrophysiology: Evoked Poten-
tials and Evoked Magnetic Fields in Science and Medicine, Elsevier,
New York 1990.

[64] F.-B. Vialatte, M. Maurice, ). Dauwels, A. Cichocki, Prog. Neurobiol.
2010, 90, 418.

[65] G. Paxinos, C. Watson, The Rat Brain in Stereotaxic Coordinates,
Elsevier Academic Press, Boston 2005.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



