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« Plastic-elastomer frameworks
provide a platform technology for
mounting and transforming
membrane-type devices.
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ABSTRACT

This study demonstrates a means of shape morphing planar membrane-type electronic devices into
three-dimensional (3D) structures with various Gaussian curvatures using a plastic-elastomer supportive
framework consisting of acrylonitrile-butadienestyrene (ABS) lines with tensile stress inside an Ecoflex
film. The plastic part, created by extrusion shear printing (ESP), provides the driving force for shape mor-
phing upon thermal annealing, whereas the elastomer part provides a base to mount membrane-type
electronic devices and allows a comparably large degree of deformation. To ensure reliable interfacial
adhesion in the plastic-elastomer framework, the ABS lines are treated with an allyl-terminated self-
assembled monolayer (SAM) for chemical bonding to the Ecoflex layer. To determine control parameters
for reliable shape morphing, the annealing conditions (e.g., temperature and time), the printing condi-
tions (e.g., shear rate and pitch), and relative thicknesses of the ABS/Ecoflex are examined. Based on these
findings, various 3D structures, including bent, cone, saddle, and dome shapes, can be generated from
planar forms using ABS-Ecoflex frameworks, which are also predicted by a mechanical finite element
method (FEM) simulation. Furthermore, a metal electrode and a membrane-type indium gallium zinc
oxide (IGZO) transistor array are successfully mounted on ABS-Ecoflex frameworks and transformed into
curvilinear structures without electrical failure.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Many researchers have made tremendous efforts to develop
three-dimensional (3D) image sensors [1-7], light-emitting
devices [8], batteries [9,10], solar cells [11], and antennas [12,13]
for detection, display, energy supply, and communication with
minimized optical aberration and signal loss. When device fabrica-
tion on, for example, a curvilinear or polyhedral surface is too com-
plicated or intrinsically impossible due to the nonplanar geometric
structure, separately fabricating a membrane-type flexible elec-
tronic device and directly transferring it onto a target surface
(e.g., a hemispherical surface [14], skin [15], and an organ [16])
or a supportive framework, actuatable by surface tension [17],
residual stress [18-21], a magnetic field [22,23], light [24,25], pre-
strain [26-30] or mass transfer [31,32] to morph the overall shape
into the desired structure, is highly desirable. This indirect method
provides the substantial advantage of a broad selection range for
electronic components and fabrication processes due to the use
of base platforms to fabricate devices separate from target sur-
faces. Nevertheless, shape-morphing technology based on a sup-
portive framework should involve the following concerns.

First, the device layer must be highly flexible. When the use of
electronic devices with inorganic materials (e.g., Si, indium gallium
zinc oxide (IGZ0), SiO,, and Au with ultimate strengths of 6.4, 0.2,
0.2, and 0.5 GPa) [33,34] accounts for the deformation strategy, the
device layer should be fabricated as thin as possible (total thick-
ness including the bottom substrate and top encapsulation
layer = several micrometers), and the electrical components should
be placed within the mechanical neutral plane [35]. Furthermore,
the design of the device layer may employ pop-up structures [1],
stretchable serpentine interconnects 5], origami designs [7], and
placement of fragile components in relatively less strained zones
[30] to accommodate an extensive strain range.

Second, a supportive framework affords a 2D to 3D geometric
change without causing too much stress to the device layer. For
example, shape morphing into a curvilinear structure with zero
Gaussian curvature (a helix [20,25], a cylinder [33], and a gripper
[18,23]) is possible through uniaxial bending and twisting with a
plastic framework without crack formation. Plasticization with a
solvent or heat affords deformation to a high degree of curvature
(e.g, ~ 1 mm') owing to the viscoplastic behavior of the plasti-
cized region; this strategy is beneficial for image sensors and dis-
play systems that require placing the device layer on the top
surface of the framework (in other words, outside of a neutral
mechanical plane) [2,8]. However, plastic alone has difficulty in
achieving biaxial deformation due to the much smaller available
elongation range and significant directional interference in biaxial
deformation of a planar film structure [36], in particular limiting
the shape morphing into a nonzero Gaussian curvature (e.g., a
flower [20,37], a saddle [38], and a hemisphere [1,5,30]). Regarding
the material candidates for the framework accommodating such
complex deformation, employing elastomers with low moduli
(e.g., polydimethylsiloxane (PDMS) and Ecoflex with Young's mod-
uli of 1.3 ~ 3.0 MPa and 0.1 ~ 0.5 MPa) [39-41] and high elonga-
tion at break (e.g., ~100% and ~ 900% for PDMS and Ecoflex) in a
supportive framework would be desirable, but guaranteeing reli-
able interfacial adhesion between heterogeneous materials is still
a challenging issue.

In this study, we envisioned that introducing a plastic-
elastomer supportive framework would prevent overlap of induced
deformation stress and achieve various Gaussian curvatures. To
achieve reliable interfacial adhesion between the plastic and elas-
tomer layers, we performed a surface modification process with a
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self-assembled monolayer (SAM) on the plastic layer that can
undergo chemical bonding to the upper elastic layer. Furthermore,
to allow an automatic shape morphing capability, we used extru-
sion shear printing (ESP) as a conventional 3D printing method
to provide stressed plastic lines that are shrinkable upon thermal
relaxation. Our goal is to establish a rational design rule to guide
the shape morphing of plastic-elastomer frameworks with manip-
ulated plastic structures from simple stressed lines to more com-
plex 2D and 3D meshes. In the acrylonitrile-butadienestyrene
(ABS)-Ecoflex framework, where stressed ABS lines act as a defor-
mation backbone with residual stress, Ecoflex serves as a skin that
provides a large surface area for further electronic applications. To
demonstrate the feasibility of this method, we successfully assem-
bled ABS-Ecoflex frameworks and membrane-type electronics,
such as a metal electrode and an IGZO transistor array, and suc-
cessfully transformed them into complex 3D structures without
electric failure.

2. Experimental methods
2.1. Fabrication of plastic-elastomer frameworks

ABS (PLASIL, source material: LG Chem, ABS HI121H) lines are
printed using a 3D printer (LUGO, Former’s Farm). The surface of
ABS is treated with atmospheric surface plasma (plasma treatment,
Plasmalife, 396 W, 20 s). Then, the sample is drop-cast with 2 vol%
allyltrimethoxysilane (ATMS) (Tokyo Chemical Industry Co.) in DI
water for 1 h and rinsed with DI water. Next, the sample is drop-
cast with Sylgard 184B (Dow Corning) for 2 h and rinsed with n-
hexane (DAEJUNG CHEMICALS & METALS CO. LTD.) and DI water.
After a PET film, double-sided tape, and water-soluble tape
(ASWT-2, Aquasol) are stacked in sequence on a bar coater plate,
the modified-ABS film is placed, coated with the Ecoflex mixture
(part a:b by weight = 1:1) using a bar coater and cured at 50 °C
for 3 h to generate a plastic-elastomer framework. After the curing
process is finished, the top plastic-elastomer framework layer is
delaminated from the supportive PET film by dipping the sample
in water to remove the water-soluble tape. For the case of the bare
ABS film, the Ecoflex coating and retrieval processes are identical
to the method mentioned above.

2.2. Fabrication of a membrane-type electrode

The fabrication begins with cleaning of a Si wafer chip (TAE-
WON SCIENTIFIC CO., LTD.) using acetone, isopropyl alcohol
(IPA), and DI water under sonication. The cleaned Si chip is then
dried with N, gas and deposited with a sacrificial layer (300-nm-
thick GeOy) using an RF magnetron sputtering system (KOREA
VACUUM TECH., LTD, Ar/O, = 10/5, 2.5 mTorr, 60 W) and a buffer
layer (100-nm-thick SiO;) using plasma-enhanced chemical vapor
deposition (PECVD, SNTECH Co. Ltd., Ar/N,O/SiH4 = 100/35/15
sccm, 270 °C, 2 Torr, 100 W). Then, spin coating of a poly(pyromel-
litic dianhydride-co-4,4’-oxydianiline) amic solution (Sigma-
Aldrich) using a spin coater (MIDAS SYSTEM, 4000 rpm, 60 s) and
a curing process on a hotplate at 250 °C for 2 h forms a 1.4-pum-
thick PI film. Then, the PI film is coated with an additional 100-
nm-thick SiO, buffer layer using PECVD (same conditions as above)
to finalize the preparation of the printable substrate. After 10-nm-
thick Cr and 90-nm-thick Au layers are formed on the printable
substrate using a sputter, the metal lines are defined by patterning
with a photoresist (PR) mask (mask aligner: CA-6 M, SHINU MST,
8.5 mW cm~!; PR: AZ GXR-601, Merck, 3000 rpm, 35 s, exposure
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time: 9 s; developer: AZ 500 MIF, Merck, 25 s) and wet etching of
the metals using a Au etchant (GOLD ETCHANT TFA, TRANSENE
COMPANY, INC.) and a Cr etchant (CR-7, KMG Electronic Chemicals,
Inc.), followed by a cleaning process with acetone, an IPA rinse, and
blow-drying. Additional 1.4-pum-thick PI and 100-nm-thick SiO,
layers are formed using the previously explained coating and depo-
sition process to encapsulate the electrode (in this case, the curing
process of the PI film is performed at 150 °C for 3 h). Finally, the
contact pad opening process for external connection is carried
out using a dry etching process for the PI (O, = 20 sccm, 100 mTorr,
150 W, 7 min) and SiO, (CF4/0, = 33/1 sccm, 50 mTorr, 50 W,
3.5 min) layers.

2.3. Fabrication of the membrane-type transistor array

The process begins with preparing the printable substrate,
which is discussed in the previous section. Then, a 65/5-nm-thick
Au/Cr layer as a gate electrode is formed by DC sputtering
(Ar = 15 sccm, 10 mTorr, 330/260 V), photolithography, and wet
etching. A 100-nm-thick SiO, dielectric layer is formed by PECVD,
followed by photolithography and a dry etching process using a
reactive ion etching system (RIE, VACUUM SCIENCE) for SiO, (same
conditions as above). Next, a 15-nm-thick IGZO channel is formed
by RF sputtering (Ar/O, = 15/0.15 sccm, 2.5 mTorr, 50 W), an
annealing process in a furnace (air, 0.3 L/min, 300 °C, 100 min),
photolithography and wet etching (vol. ratio HCIl:DI water = 50:1).
Then, as the source and drain electrodes, 10-nm-thick Cr and 90-
nm-thick Au layers are formed using DC sputtering, followed by
a lift-off process. Moreover, spin coating (3000 rpm, 15 s) of a
diluted SU-8 precursor solution (vol. ratio for SU-8 2010:SU-8 thin-
ner = 9:1, MICRO CHEM) with prebaking (95 °C, 5 min), UV expo-
sure, postexposure baking (95 °C, 15 min), development (SU-8
developer, MICRO CHEM), and hard baking (200 °C, 5 min) pro-
cesses forms a 100-nm-thick SU-8 passivation layer. After addi-
tional 1.4-pm-thick PI and 100-nm-thick SiO, layers are formed
using the aforementioned method to encapsulate the IGZO transis-
tor array, the aforementioned dry etching process opens the con-
tact pads.

2.4. Lamination of electronic devices to frameworks

The bottom Ecoflex surface of the plastic-elastomer framework
is activated with O, plasma via RIE (O, = 20 sccm, 100 mTorr, 50 W,
5 sec), cast with 2 vol% (3-glycidyloxypropyl)trimethoxysilane
(GPTMS) (Sigma Aldrich) in DI water, rinsed with DI water, and
blow-dried. The top SiO, surface of the fabricated electronics is
activated with O, plasma treatment, then cast with 2 vol% (3-ami
nopropyl)trimethoxysilane (APTMS) (Sigma Aldrich) in DI water
for 20 min, finally rinsed with DI water and blow-dried. Then,
the amino/epoxy-anchored surfaces are placed facing each other
and gently put in contact to attain conformal contact for the bond-
ing process (at room temperature, for 1 h). After the edges of the
bonded specimen are trimmed off with a razor, the specimen is
immersed in a warm DI water bath (55 °C for over 12 h) to elimi-
nate the GeOy layer and gently retrieved with tweezers, followed
by a drying process under ambient conditions.

2.5. Mechanical and electrical characterization

The peel strength-distance curve is obtained using a universal
test machine (UTM, TO-100-IC, TESTONE, pulling speed: 10 mm/
min, load: 10 kgf). The I-V curves of the electrode are obtained
by using a semiconductor parameter analyzer (Agilent B1500A,
Agilent Technologies, Santa Clara, CA, USA). The representative
transfer (Ips-Vgs) curves of the IGZO-based transistor array are
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obtained with a semiconductor parameter analyzer (Agilent
B1500A, Agilent Technologies, Santa Clara, CA, USA).

2.6. Numerical simulations

Mechanical FEM simulation is performed by COMSOL Multi-
physics 6.0. The material parameters used for SiO,, IGZO, SU-8,
ABS, PI, and Au are based on the values in the literature and the
material library in COMSOL [33]. The hyperelastic material param-
eters for Ecoflex are obtained by fitting an experimental tensile
stress-strain curve (Fig. S1 in the Supplementary materials) to
the Ogden model [42]. Tetrahedral meshes are used for 3D simula-
tion of ABS-Ecoflex frameworks, and mapped meshes are used for
cross-sectional 2D simulation of ABS-Ecoflex-electrode and ABS-
Ecoflex-IGZO transistors. A static solver is used for all simulations
with prestress values stepwise increased by 0.01 MPa.

3. Results and discussion

3.1. Development of 3D electronics based on plastic-elastomer
frameworks

Fig. 1 illustrates the fabrication procedure to develop 3D elec-
tronics (IGZO transistor array as a representative). Briefly, the pro-
cess begins with ESP of ABS on a glass substrate using a 3D printer
to generate an ABS line array with residual shear stress (Fig. 1a);
the thickness (Tags) and width (Wjgs) of the stressed ABS lines
are fixed at 150 pm and 850 pm, respectively, for the rest of this
study, while the length of ABS (Lags) is desirably controlled. The
stressed ABS lines are treated with atmospheric surface plasma
and ATMS in sequence to obtain an allyl-anchored ABS surface
(Fig. 1b) [43,44]. Then, by drop-casting a silicone rubber crosslin-
ker (Sylgard184 B) on the allyl-anchored ABS, a Sylgard184 B-
anchored surface can be achieved (Fig. 1c). The surface-modified
ABS lines are placed on a PET film and coated with an Ecoflex pre-
cursor mixture to finalize the plastic-elastomer framework fabrica-
tion (Fig. 1d). After peeling off the framework from the PET film
(Fig. 1e), O, plasma surface and GPTMS treatment of the backside
of the framework generate an epoxy-terminated surface for lami-
nation with a device layer (Fig. 1f). Separately, after a printable
device layer with a membrane-type IGZO transistor array is devel-
oped on a handling silicon wafer with a sacrificial GeOy layer using
the method explained in the Experimental methods, the top sur-
face is covered with an SiO, layer to allow the lamination process
with the plastic-elastomer framework (Fig. 1g). Then, the SiO, top
surface of the device layer is treated with O, plasma and ATPMS to
generate an amine-terminated surface (Fig. 1h). Conformal contact
between the device layer and plastic-elastomer framework allows
lamination with solid amine-epoxy interfacial bonds (Fig. 1i) [44].
After removal of the sacrificial layer (GeOy), the sample is retrieved
(Fig. 1j) and annealed at 120 °C for 1 h to transform it into a 3D
structure through relaxation of shear-printed ABS (Fig. 1k).

3.2. Interface enhancement of plastic-elastomer frameworks

Before investigating the control parameters of plastic-elastomer
frameworks to obtain desirable curvatures, guaranteeing reliable
interfacial adhesion between the ABS and the Ecoflex and prevent-
ing unwanted interfacial delamination arising from the stress accu-
mulated during the annealing and deformation process are crucial.
The core technology for solid interfacial adhesion in this study is to
use the SAM of ATMS formed on the surface of ABS and further
modify the surface with Sylgard184 B to provide sufficient
crosslinking sites for other silicone rubber coatings, such as Eco-
flex. Fig. 2a shows the X-ray photoelectron spectroscopy (XPS)
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Fig. 1. Schematic diagram of developing a 3D IGZO transistor array. a) to e) Fabrication processes to develop a plastic-elastomer framework. f) to i) Surface modification and
bonding process between a membrane-type IGZO transistor array and the plastic-elastomer framework using an SAM. j) and k) Shape-morphing process with thermal
relaxation of stressed ABS lines in the plastic-elastomer framework.
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spectra of Si 2p for tracing the stepwise formation of the SAM and
silicone rubber crosslinker on the surface of ABS. At first glance, the
bare ABS (black line) surface has no observable peak corresponding
to Si 2p, whereas the ATMS-modified (blue line) and ATMS-
Sylgard184 B-modified (red line) surfaces exhibit significant Si 2p
peaks. Fitting of the Si 2p core-level spectrum for the ATMS-
modified surface in Fig. 2b shows that the sharp feature at a bind-
ing energy of 102.38 eV corresponds to silanes (SiOsC) [45], con-
firming ATMS formation because the first atmospheric surface
plasma treatment of the ABS surface enriches hydroxyl groups to
allow a coupling reaction with ATMS to form Si-O-C linkages
[46]. In contrast, the fitting of the Si 2p core-level spectrum of
the ATMS-Sylgard184 B-treated surface shows three main peaks
at 104.15 eV, 104.84 eV, and 105.61 eV, corresponding to Si-C, O-
Si-C, and 0-Si-O linkages, respectively, confirming the formation
of the ATMS-Sylgard184 B-modified surface (Fig. 2c). Furthermore,
the Fourier transform infrared (FTIR) spectra clearly show the exis-
tence of Si-CH; [47] at 1261 cm™' for the case of the ATMS-
Sylgard184 B-modified surface, whereas the ATMS-anchored sur-
face shows no signs of such a peak, which proves the successful
anchoring of the silicone crosslinker; see Fig. S2 (Supplementary
materials).

A mechanical peel test is also carried out on the ABS-Ecoflex
bilayer films (Wags: 2 cm, Lags: 4 cm, Tags: 500 pm) with or with-
out surface treatment; see the representative setup in Fig. 2d.
Briefly, the specimens are prepared under two conditions: use of
a bare ABS film for the Ecoflex curing process and use of ATMS-
Sylgard184 B modification for the Ecoflex curing process. In the lat-
ter case, the ABS surface is partially modified to form a fine bound-
ary to determine any interfacial delamination above the boundary
(see the photographic images in Fig. 2e and 2f). Without surface
modification, only a peel strength of 5.30 N/mm is required to
gently detach the Ecoflex film from the bare ABS (Fig. 2g). In con-
trast, with surface modification, only part of the Ecoflex film up to
the boundary is elongated up to 183 N/mm, with no significant
interfacial delamination in the region above the boundary until
the breakpoint (Fig. 2g); see the photographic images of the spec-
imens at different stages of the peel test denoted by the colored
dashed boxes (green: maximum elongation of Ecoflex in the mod-
ified ABS specimen, blue: cohesive fracture of Ecoflex in the mod-
ified ABS specimen, yellow: delamination of Ecoflex in the bare ABS
specimen). This result confirms the reliable, solid interfacial adhe-
sion for further study of the mechanical deformation of plastic-
elastomer frameworks in a stable manner. We note that all the
samples hereafter are prepared with the surface treatment for solid
interfacial adhesion.

3.3. Control parameters for shape morphing

Next, determining the stable annealing temperature (Tanpeal)
and annealing time (tannear) to achieve the desired shape of a frame-
work is also important because such an annealing process induces
not only thermal relaxation of the printed stressed ABS lines but
also thermal expansion of the Ecoflex itself, which disturbs the
shape change. Fig. 3a presents the geometric structure of the
plastic-elastomer framework. As a test sample, a simple framework
with a simple stressed ABS line embedded in one side of an Ecoflex
film structure [length of Ecoflex (Lgcofiex) = 19 mm, width of Ecoflex
(WEcoflex) = 6 mm, thickness of Ecoflex (Tgcofiex) = 900 pum, length of
ABS (Laps) = 19 mm, width of ABS (Wags) = 850 pm, thickness of
ABS (Taps) = 150 pum] is prepared, as shown in Fig. 3b. When the
framework is annealed around or above the T, (113 °C) [33] of
ABS, the stressed polymer chains naturally contract to force bend-
ing of the overall structure of the framework without peeling or
gap formation at the plastic-elastomer interface; see a representa-
tive sample with an inner curvature (Kipner) of 0.24 mm™! under the
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conditions of Tappear = 120 °C and tapnear = 60 min (Fig. 3c). Fig. 3d
and Fig. S3 (Supplementary materials) show the kjnne, Of the frame-
work as a function of Tappea (€.g., 100 °C, 120 °C, 140 °C, and 160 °C)
and tappea (from 0 to 180 min). At 100 °C, the framework starts to
slightly bend, having a kipner of 0.0088 mm™! at 4 min, and slightly
further bends for a prolonged tinnear (Kinner = 0.012 mm~! at
180 min). This observation indicates that the temperature around
T, induces slow contraction of the stressed ABS lines during the
annealing process. At 120 °C, kinner becomes 0.027 mm™"' at t,,.
neal = 1 min, increases to 0.20 mm™! at 60 min, is maintained for
1 h further, and slowly decreases to 0.19 mm™"! at 180 min. For
higher temperatures (e.g., 140 °C and 160 °C), Kjpner rapidly
increases up to 0.19 and 0.18 mm™!, respectively, for the first
few minutes of tinnear (4 min and 2 min for 140 °C and 160 °C)
and then decreases back to flat (Kinner = 0 mm™!). Such a high
annealing temperature range does not guarantee mechanical sta-
bility after bending due to the significant thermal expansion of
the Ecoflex, which forces the bent framework into a planar struc-
ture. As a result, we confirm that the optimum Tappea; and tanpeal
are 120 °C and 60 min. In our system, when the shape morphed
plastic-elastomer framework is cooled below Tg, the contracted
polymer chains change state from the viscoplastic state to the
glassy state, maintaining the deformed shape. The plastic-
elastomer framework exposed to 120 °C for 60 min is cooled to
room temperature. To confirm the shape fixity ratio, each curva-
ture of the framework before and after cooling is compared, and
the calculated shape fixity ratio is 94% (k;/ k, x 100%, where k;
and ky, are the maximum curvatures of the specimen at room tem-
perature and 120 °C, respectively). The slight shape change of 6%
seems to be caused by the difference in thermal expansion coeffi-
cients of ABS and Ecoflex (Fig. S4, Supplementary materials). The
thickness ratio also influences the degree of bending after the
annealing process because comparably thick Ecoflex resists the
bending force. Annealing and bending five frameworks with Eco-
flex of various thicknesses (Lgcofiex = 20 mm, Weconex = 600 pm,
Tecofiex = 520, 820, 1200, 2100, and 3100 pm) and with stressed
ABS lines (Lags = 19 mm, fixed) result in kiyner values of 0.46,
0.20, 0.14, 0.025 and 0.0085 mm™', respectively (Fig. 3e); we note
that these values are the highest values obtained up to a tinnea Of
60 min.

We can also control the degree of bending curvature through
the ABS printing speed (Vgsp) because a higher shear rate induces
higher residual stress of ABS, resulting in higher curvatures. For
demonstration, all the samples are set to have an ABS stressed line
prepared at various shear rates (100, 200, 600, 1000, 2000, and
3000 s~!) embedded in one side of the Ecoflex film with a fixed
geometry (Lecofiex = 19 mm, Weeofiex = 6 mm, Tgcofiex = 820 Hm),
the Vgsp values corresponding to shear rates of 100, 200, 600,
1000, 2000, and 3000 s~! are 5, 10, 30, 50, 100, and 150 mm/s.
Annealing the samples (Tapnea = 120 °C and tappear = 60 min) results
in kipner = 0.12,0.12,0.13, 0.17, and 0.28 mm ™}, respectively (Fig. 4a
and 4b).

To develop desirable 3D electronics based on the ABS-Ecoflex
framework, a large Ecoflex film must be used to mount
membrane-type electronic devices, and multiple stressed ABS lines
must be embedded inside the film to control the curvature of the
framework after bending. In this case, the pitch of the stressed
ABS lines becomes a control parameter. As a simple example, we
designed an ABS-Ecoflex framework with parallelly aligned ABS
stressed lines, expecting a final cylindrical structure after the
annealing process (Tannear = 120 ‘C and tappea = 60 min). Naturally,
the pitch of stressed ABS lines should play a crucial role in control-
ling the curvature of the cylinder. Fig. 4c describes the curvature of
the cylindrical structure as a function of the line pitch; the maxi-
mum curvature (kmax, the curvature where the stressed ABS lines
are printed) and minimum curvature (K, the curvature in the
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Fig. 3. a) schematic diagram of an ABS-ecoflex framework with parameters. photographs of an ABS-ecoflex framework b) before and c) after transformation. the selected red
boxes are corresponding cross-sectional microscopic images of the framework. d, e) curvatures (k) of plastic-elastomer frameworks as a function of d) the annealing time
(tannear) at various temperatures and e) tannea at different Ecoflex thicknesses. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

middle between the stressed ABS lines) are measured. kmin
increases as the pitch of the stressed ABS lines decreases; as the
pitch decreases from 12 mm to 2 mm, ki, increases from 0.094
to 0.44 mm~'. The relative difference between kmax and Kmin
increases from 8.7% to 44% as the pitch of the stressed ABS lines
changes from 2 mm to 12 mm, which means that more significant
curvature fluctuation occurs at larger pitches of ABS stressed lines,
as shown in Fig. 4d. Based on the simple bending behavior of the

plastic-elastomer framework, we can develop various 3D
structures.

3.4. 3D shape morphing with various Gaussian curvatures

Shape morphing into 3D structures with various Gaussian cur-
vatures is possible using geometrically designed stressed ABS lines.
For example, placing stressed ABS line arrays on the top and left-
hand side and on the bottom and right-hand side of Ecoflex allows
reverse bending about the desired axes (Fig. 5a). Moreover, other
planar frameworks, such as a spiral stressed ABS line on the top
surface of circular Ecoflex (Fig. 5b), two stripe stressed ABS line
arrays in orthogonal directions on the top and bottom surfaces of
square Ecoflex (Fig. 5¢), and a mesh pattern with a circular outline
of stressed ABS lines on circular Ecoflex (Fig. 5d), can change to
complex 3D structures, such as bent, cone, saddle, and dome
shapes, respectively. Mechanical finite element method (FEM) sim-
ulation is useful to comprehend the shape morphing behavior dur-

ing the thermal annealing process. Static FEM analysis consisting of
an elastoplastic model for ABS and a hyperelastic model for Ecoflex
is performed with the material properties. At 50 C, i.e., the curing
temperature of Ecoflex, which we set in the initial stage of the sim-
ulation, stressed ABS lines (range of stress values of the ABS lines:
0.05 to 0.4 MPa) have no deformation due to their high elastic
modulus (~2.2 GPa), and the cured Ecoflex has zero stress. Then,
the annealing process at 120 °C reduces the elastic modulus of
ABS to ~ 2.9 MPa and induces large strains in the ABS lines (strain
range of the ABS lines changed from the initial shape: —20.5% to
16.9%) due to the thermal relaxation of the stressed ABS lines. Dur-
ing shape deformation, stress equilibrium decreases the stress
level of ABS lines from the initial values and increases the stress
level of Ecoflex from zero (see separate stress distribution maps
of ABS and Ecoflex in Fig. S5, Supplementary materials). Moreover,
thermal expansion generates additional stresses (increase rate of
the maximum von Mises stress: 0.4 to 15.1%; see Table T1 and
Fig. S6 in the Supplementary materials) through the difference in
the coefficient of thermal expansion (CTE) of ABS (76 ppm/C)
[48] and Ecoflex (284.2 ppm/°C) [49].

3.5. Electronics-level 3D shape morphing

In the next step, the transformation of ABS-Ecoflex frameworks
should guarantee stability at the electronic device level. As a first
test sample, a membrane-type Au/Cr electrode [90 nm
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Fig. 4. a) Curvatures (k) of ABS-Ecoflex frameworks as a function of the shear rate, and b) corresponding photograph after thermal relaxation. c) Curvatures (k) of ABS-Ecoflex
frameworks as a function of the line printing pitch, and d) photograph of the representative shape-morphed frameworks after deformation.
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Fig. 5. Schematic illustrations, photographs, and von Mises stress distribution maps obtained by FEM simulation of ABS-Ecoflex frameworks with various geometrical designs
(left) before and (right) after thermal relaxation. Stressed ABS line designs allow shape morphing of the ABS-Ecoflex frameworks to a) a reverse bend, b) a cone, c) a saddle,
and d) a dome. FEM simulation data are obtained at 50 °C (left) and 120 °C (right).
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(top)/10 nm (bottom), Cr layer used as an adhesive layer| with a
global circular shape and a local serpentine pattern is mounted
onto an ABS-Ecoflex framework, and the resistance is measured
before and after 3D shape morphing; the more detailed fabrication
process is described in the Experimental methods and Fig. S7 (Sup-
plementary materials). Briefly, the ABS lines are prepared by ESP at
a shear rate of 1000 s~! and a line pitch of 2 mm to develop the
ABS-Ecoflex framework; we note that simple straight ABS line
arrays are used to demonstrate morphing of the electrode into a
cylindrical shape with a maximum curvature = 0.39 mm™!, which
is the most extreme stress condition including morphing to the
various Gaussian curvature shapes demonstrated in Fig. 5
(Fig. S8, Supplementary materials). The ABS-Ecoflex framework is
treated with GPTMS. Separately, membrane-type electronic
devices are prepared on a polyimide (PI) substrate and encapsu-
lated by an additional PI layer. After a SiO, layer is deposited on
the top PI layer, the device layer is treated with APTMS. After lam-
ination of the two layers at room temperature, the sample is
annealed at 120 °C to induce shape morphing (Fig. 6a); we note
that the planar region for the sample corresponds to the ABS
line-free region for easy access to probe the contact pads. The
metal line is still conductive with only a slight increase in the resis-
tance (5.82%) from 273 mQ to 289 mQ after bending (Fig. 6b).
According to the optical microscopy image, a wrinkled structure
appears, but there are no cracks in the metal electrode after bend-
ing (Fig. S9, Supplementary materials).

A cross-sectional FEM simulation of the electrode-ABS-Ecoflex
specimen is carried out to confirm the mechanical stability during
shape morphing. Two different cross-sections in the specimen are
selected, as shown in Fig. 6a; see the green and blue lines with the
symbols /[ and L meaning parallel and perpendicular directions of
the electrode lines with respect to an ABS line. In the selected
cross-sections, the parallelly aligned electrode line covers the
whole bottom, while the perpendicularly aligned electrode line
partially covers the bottom (Fig. 6¢). All the von Mises stresses
(ovmyja-a» Ovm,1B-B» and Oym, 1 c-c) in the regions denoted by A-
A’, B-B'and C-C’ are lower than the ultimate stresses (cyr) of the
related materials (Fig. 6d). As expected, the soft Ecoflex adjusts
the stress distribution depending on the existence and even posi-
tions of the electrode layer. With the parallel electrode line, the
Ecoflex corresponding to A-A’ has the minimum stress (Gywm,jj.a-a,
«min = 13.1 Pa) at the SiO,/Ecoflex interface (denoted by o) owing
to suppression of the deformation of Ecoflex by perfect binding to
rigid materials. With the perpendicular electrode layer, the points
of minimal von Mises stress are located differently depending on
the position. In the region immediately above the perpendicular
electrode line (corresponding to B-B’), Ecoflex has double mini-
mum peaks; one (Cywm, 1 s-g,p-min = 4.87 Pa) appears at the SiO,/Eco-
flex interface (denoted by B) due to the rigidity of the device layer,
and the other (Gym,1 B-g',y-min = 10.8 Pa) lies inside the Ecoflex (de-
noted by ) due to balancing of the local stress components of the
Ecoflex layer. In the region above the electrode-free area (C-C'),
Ecoflex has the minimum value of Gyy (Gym,1.c.c5-min = 179 Pa)
at a level below the middle of the Ecoflex (denoted by 3).

As a second test sample, we developed a printable layer with an
IGZ0-based transistor array; see the more detailed fabrication pro-
cess in the Experimental methods and Fig. S10 (Supplementary
materials). After the surface modification and lamination processes
of the device layer and ABS-Ecoflex framework described for the
Au/Cr electrode, the sample is transformed into a cylindrical shape
(curvature of 0.38 mm™!) at 120 °C (Fig. 6e). We note that five tran-
sistors are produced in the fabrication processes; four transistors
are used to check if each fabrication and transfer printing process
is properly performed. The other is used to measure the electrical
properties before and after deformation. As shown in Fig. 6f, there
is no significant degradation in the transfer characteristics (Ip-Vg)
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at Vp = 1V after the shape deformation. The current on/off ratios
(Ion/Toge), threshold voltages (Vy,), and field-effect mobilities (pigg)
extracted from the Ip-V¢g curves before and after shape deforma-
tion are 1.26 x 107 and 8.69 x 10°% 0.57 V and 1.49 V, and
0.79 cm? V-1 s7! and 0.63 cm? V! s7!, respectively.

Mechanical stress analysis by FEM simulation is carried out to
obtain insight into the mechanical stability of the IGZO transistor
after shape morphing (Fig. 6g). In the cross-section (denoted by
D-D’) at the center of the device layer, two minimal von Mises
stress values are located at the SiO,/Ecoflex interface (Gymp-p -
min = 3.74 Pa) and inside the Ecoflex (Gymp-p,p-min = 11.6 Pa), while
the cross-section away from the device layer (denoted by E-E’) has
one minimal stress value (Gym,e-,y-min = 448 Pa) inside the Ecoflex
(Fig. 6h). This result indicates that the soft elastomer adjusts the
stress distribution to reduce the mechanical stress of the compo-
nents in the IGZO transistor to levels much below their Gyys during
shape morphing.

4. Conclusions

In summary, combining shear-printed ABS lines and Ecoflex
offers versatile frameworks that can implement planar electronic
devices and shape morphing into complex 3D architectures with
various Gaussian curvatures. Systematic surface modification of
ABS and Ecoflex with reactive silanes strengthens the interfacial
adhesion, which is robust to shape morphing through a thermal
relaxation process and even a harsh peel test. The annealing tem-
perature, relative thickness ratio between ABS and Ecoflex, shear
rate of ESP, and pitch of ABS lines offer control parameters to
develop desired complex 3D structures. Furthermore, the combina-
tion of ABS lines with an array, spiral, biaxial, or mesh configura-
tion allows transformation into various Gaussian curvatures, such
as a bend, a cone, a saddle, and a dome. The successful demonstra-
tion of mounting a membrane-type Au/Cr electrode and an IGZO
transistor array onto ABS-Ecoflex frameworks and further transfor-
mation without electrical failure shows the feasibility of this
method for 3D electronics.
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