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The growing demand for complex three-dimensional (3D) micro-/nanos-
tructures has inspired the development of the corresponding manufacturing
techniques. Among these techniques, 3D fabrication based on mechanically
guided assembly offers the advantages of broad material compatibility, high
designability, and structural reversibility under strain but is not applicable for
nanoscale device printing because of the bottleneck at nanofabrication and
design technique. Herein, a configuration-designable nanoscale 3D fabrication
is suggested through a robust nanotransfer methodology and design of sub-
strate’s mechanical characteristics. Covalent bonding-based two-dimensional
nanotransfer allowing for nanostructure printing on elastomer substrates is

used to address fabrication problems, while the feasibility of configuration
design through the modulation of substrate’s mechanical characteristics is
examined using analytical calculations and numerical simulations, allowing
printing of various 3D nanostructures. The printed nanostructures exhibit
strain-independent electrical properties and are therefore used to fabricate
stretchable H, and NO, sensors with high performances stable under external

strains of 30%.

Complex three-dimensional (3D) micro- and nanostructures provide
key functions in systems with various sizes and functions, which range
from the organs of living organisms to microscale devices (e.g., foldable
microelectronics', deformable batteries?, and bioelectronics®**) and
nanoscale devices (e.g., chemical/physical sensors>®, surface-enhanced
Raman spectroscopic substrates’, and holographic displays®). There-
fore, methods for accurately designing and fabricating complex 3D
structures are of importance for both academia and industry, finding
applications in the biological, electronic, mechanical, and optical
engineering fields’. Given the difficulty of fabricating complex 3D
structures using conventional two-dimensional (2D) planar processes
such as inkjet/screen printing and lithography/ion-milling-based tech-
niques, recently developed and more advanced 3D fabrication methods

have drawn much attention'®. In particular, 3D fabrication methods
based on mechanically guided assembly (i.e., compressive
buckling-based printing) allow the fabrication of complex 3D struc-
tures in thin and curvilinear forms and offer the advantages of wide
material scope (e.g., metals, ceramics, and polymers), high desig-
nability, precise controllability, scalability, and structural reversibility
under strain, thus holding great promise for next-generation
printing. In this case, a 2D structure (divided into bound and sus-
pended sites for selective bonding) is initially printed on a pre-
stretched elastomer substrate using conventional 2D fabrication tech-
niques, and the suspended sites are then shape-morphed into a 3D
structure under the action of compressive buckling generated upon
the release of pre-strain®®, This process requires one to answer two
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questions related to the definition of 3D fabrication and the realization
of complex 3D structures, namely How does one design and predict the
final 3D structure? and How does one manufacture the designed 3D
structure? The successful production of 3D structures and their stable
printing requires strong adhesion between the bound sites and the
substrate to provide rigid support during the generation of buckling.
However, current techniques allowing 2D printing on stretchable elas-
tomeric substrates suitable for 3D fabrication have size limitations, with
stable adhesion guaranteed only for sizes above tens of micrometers
because of low adhesion force at the nanoscale”. In addition, the cur-
rent configuration design method is based on the patterning of an
adhesive layer that will become bound sites on the printing materials
before transfer. However, applying this conventional method to
extremely thin adhesives (i.e., self-assembled monolayers) and nano-
patterned printing materials used in 2D nanotransfer printing is chal-
lenging. Therefore, the design and control of nanoscale buckling
configuration (e.g., beam shape, direction, deflection, and mode) are
much more difficult. Thus, the realization of configuration-designable
nanoscale 3D fabrication based on mechanically guided assembly
remains challenging, and the demand for 3D nanodevices for applica-
tions such as gas sensors, electrodes, thermoacoustic speakers, and
optical devices remains unmet'® (Supplementary Notes 1).

Herein, we develop a mechanically guided assembly-based
nanoscale 3D fabrication method allowing the rational design of
buckling configurations and the printing of both bound and sus-
pended sites with a width as small as 50 nm. To achieve this goal,
we focus on design and manufacturing as the two main parts of
3D fabrication. Regarding the manufacturing part, 2D nanotransfer
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Fig. 1| Concept and realization of configuration-designable nanoscale 3D fab-
rication. a The overall scheme of 3D fabrication including design and manu-
facturing steps. b Detailed fabrication process of 3D fabrication: Target material
deposition, treatment with O, plasma, preparation of micropatterned elastomer
mold, spin-coating of the thin adhesive layer, application of pre-strain to the sub-
strate, nanotransfer printing, and pre-strain release. c-i Side-view scanning electron

g Nanotransfer printing on
pre-stretched substrate

printing on an elastomer substrate is realized using a covalent
bonding-assisted adhesive with a sub-10-nm thickness and the selec-
tive etching of a nanopatterned mold to reduce the adhesion between
the target material and the mold. Regarding the design part, micro-
patterning is used to modulate the elastomer’s mechanical character-
istics and thus enable the rational design and prediction of the printed
buckling configuration (i.e., direction, deflection, and mode) for a
given 2D pattern. The developed approach is used to fabricate 3D
nanostructures with diverse configurations and compositions, and the
electromechanical properties of these structures are characterized in
detail. This is the report of a configuration-designable nanoscale 3D
fabrication process featuring nanoscale bound and suspended sites
(Supplementary Fig. 1 and Supplementary Notes 1). Finally, the devel-
oped technique is used to print a stretchable Pd-based H, sensor and
an In,05-based NO, sensor, both of which show higher sensitivity than
their conventional counterparts and maintain stable performances
under external strain because of their buckled 3D nanostructures.

Results

Overall 3D fabrication concept

According to the overall concept of configuration-designable nanos-
cale 3D fabrication (Fig. 1), the main parameters determining the
configuration of compressive strain-induced beam buckling are the
shape of the 2D pattern and buckling direction, deflection, and mode.
The 2D pattern shape is set during the 2D printing step, whereas the
other parameters are related to the input conditions of buckling.
Specifically, buckling direction is determined by the direction of
the initial deformation (which, in turn, is affected by the beam

Pre-strain release

Linewidth = 600 nm

microscopy image of a buckled nanoline array with a linewidth of 200 nm and a
thickness of 80 nm; the inset shows the corresponding large-area bird’s-eye view
image. c-ii Confocal laser scanning microscopy image of nanoline arrays with
buckling modes 2 and 3 featuring a linewidth of 800 nm and a thickness of 100 nm.
c-ii Colored scanning electron microscopy image of a buckled serpentine array
with a linewidth of 600 nm and a thickness of 100 nm.
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imperfections or mechanical guidelines), buckling deflection is
directly related to the magnitude of compressive strain, and buckling
mode is related to the boundary constraints. Herein, we suggest that
the abovementioned parameters can be controlled by designing the
mechanical characteristics of the micropatterned substrate, e.g., sur-
face strain and Poisson’s effect. In the proposed method (Fig. 1a), the
3D buckling configuration of 2D nanostructures can be predicted
before printing and fabricated into the desired shape, which is an
essential characteristic of nanoscale 3D fabrication. A detailed expla-
nation of the above principle is provided in the following sections.
Figure 1b shows the details of the nanoscale 3D fabrication process
that is divided into three steps. In the first step, the target materials are
deposited on the nanopatterned poly(urethane acrylate) (PUA) mold
using an e-beam evaporator, and oxygen plasma treatment is then
applied to facilitate nanotransfer printing. In the second step, an
adhesion promoter, namely N-[3-(trimethoxysilyl)propyl]ethylenedia-
mine, is coated on the micropatterned polydimethylsiloxane (PDMS),
and pre-strain is applied. In the third step, the target materials with the
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nanopattern are transferred to the PDMS substrate and printed as 3D
nanostructures by releasing substrate pre-strain. The developed pro-
cess can be used to obtain diverse 3D nanostructures, e.g., Fig. 1c-i
shows a side-view scanning electron microscopy (SEM) image of a
buckled nanoline array with a linewidth of 200 nm and a thickness of
80 nm, while the inset shows the corresponding large-area bird’s-eye
view image. Figure 1c-ii presents a confocal laser scanning microscopy
(CLSM) image of a nanoline array with buckling modes 2 and 3,
while Fig. 1c-iii shows the corresponding image of a buckled nano-
serpentine array. Detailed images of the substrate and mold as well as
enlarged views of buckled structures are presented in Supplemen-
tary Fig. 2.

Versatile nanotransfer printing on the elastomer substrate

Figure 2 shows the mechanism of 2D nanotransfer printing on the
elastomer substrate and the related fabrication details. Notably, the
nanotransfer method used for nanoscale 3D fabrication requires (1)
the adhesion force between the bound site and the elastomer to be
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Fig. 2 | Mechanism and fabrication details of two-dimensional nanotransfer
printing on the elastomer substrate. a Schematic mechanism of nanotransfer.
The area enclosed by a red dotted line shows the effect of O, plasma treatment on
the mold with the target material, and the area enclosed by a blue dotted line shows
the chemical reactions of the adhesion promoter during nanotransfer printing.

b Schematic effects of material properties on material transferability during
nanotransfer printing. Materials with weak intrinsic adhesion to the mold can be
transferred directly (area enclosed by the green line), while those with strong
intrinsic adhesion require a supporting layer (e.g., Au) for transfer (area enclosed by
the red line). ¢ Side-view scanning electron microscopy images of the mold with the
target material before and after 30-min treatment with O, plasma. d Effects of the

linewidth of the mold nanopattern on the possible range and optimum of O,
plasma treatment time suitable for transfer. Here, a transferable condition is
defined as a condition in which 50% or more of the target region is transferred and
an optimal condition is defined as a condition in which 80% or more of the target
region is transferred. e Scanning electron microscopy images of nanoline patterns
with linewidths of 50 nm and 2 um nanotransfer-printed on a flat elastomer sub-
strate. f Confocal laser scanning microscopy and scanning electron microscopy
images of a nanoline array with a linewidth of 800 nm nanotransfer-printed on the
micropatterned elastomer substrate. The triangular region of the confocal laser
scanning microscopy image denotes the suspended (trench) part.
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sufficient for supporting the suspended site, (2) the adhesive layer to
be sufficiently thin not to affect the printing process, and (3) the
selective bonding of the bound site only. Figure 2a presents the three
strategies employed to meet these requirements. An ultra-thin (sub-10-
nm) layer of an organic ligand was used to promote adhesion and
enable strong covalent bonding between the target material and the
elastomer substrate’. Moreover, O, plasma treatment was used to
selectively etch the nanopatterned PUA mold and activate the hydro-
xyl groups of the target material. Etching reduced the area of the mold
contacting the target material and thus weakened the adhesion
between them, while hydroxyl group activation enabled covalent
bonding between the target material and the adhesive layer on the
substrate. Finally, microtrenches were formed on the substrate surface
to facilitate selective bonding, which is additionally related to buckling
configuration control. The effects of each strategy were verified
experimentally (Supplementary Fig. 3) to reveal that the thin organic
ligand promoted the adhesion of the target material to the elastomer
substrate, while O, plasma treatment mainly promoted the delamina-
tion of the target material from the PUA mold. The adhesion force
during final transfer was sufficient to support the suspended site by the
bound site (Supplementary Fig. 3). Depending on their intrinsic
properties, most materials (e.g., Au, Pt, Pd, Ag, Cu, Cr, TiO,, and In,05)
could be directly transferred to the elastomer substrate, whereas the
transfer of certain materials strongly adhering to the PUA mold (e.g.,
SiO,, Al,O3, and Fe) required an additional supporting layer (e.g., Au)
(Fig. 2b and Supplementary Table 1). Notably, our method featured a
broad scope of transferable materials (e.g., metals and ceramics) and
was applicable to the transfer of multilayer structures (Supplementary
Fig. 4). Therefore, materials easily oxidized during treatment with O,
plasma (e.g., Ag and Fe) could be transferred without oxidation or
corrosion via encapsulation with noble metals before printing (Sup-
plementary Fig. 5). It is also expected that these materials can be
transferred with H, plasma treatment without oxidation®.

Subsequently, we evaluated fabrication details and conditions,
revealing that with increasing time of PUA mold treatment by O,
plasma, the PUA pillars supporting the target material become thin-
ner, and the target material eventually collapses (Fig. 2c and Sup-
plementary Fig. 6a). Therefore, optimal conditions depending on the
pattern size have to be established, as excessive etching destroys the
pattern arrangement and causes the transfer of the unwanted layer
deposited on the trench (Supplementary Fig. 6b). The results of
transfer condition optimization show that the optimal etching time
corresponds to a three-fold reduction in the supporting pillar width
and is highly dependent on the target material, i.e., on its intrinsic
adhesion properties (Fig. 2d and Supplementary Table 1). The opti-
mal conditions allowed the transfer of diverse nanopatterns with
different widths and thicknesses to the elastomer substrate (Fig. 2e
and Supplementary Figs. 7 and 8) and were also valid for transfer to a
micropatterned elastomer substrate (Fig. 2f). When a nanoline array
with a linewidth of 800 nm and a thickness of 100 nm was trans-
ferred, the original structure was well maintained up to a suspending
length of 100um, whereas bent or entangled nanolines were
observed above this limit.

Design and prediction of the nanoscale buckling configuration
Subsequently, a method for controlling the buckling configuration
(i.e., direction, deflection, and mode) through the design of the sub-
strate’s mechanical characteristics was developed (Fig. 3a, b) and
characterized using the parameters including wpiyiar (pillar width), tpiar
(pillar thickness), tsupstrate (substrate thickness), £piiar (average surface
strain of the pillar), &yencn (average surface strain of the trench), and
Esubstrate (average strain of the substrate, which equals the external
strain or pre-strain applied to the substrate) (Supplementary Figs. 9
and 10 and Supplementary Notes 2). As shown in Fig. 3¢, the buckling
direction is determined by the direction of the initial deformation and

is affected by the pillar edge shape. Notably, a micropatterned PDMS
substrate with smoothed pillar edges can be fabricated when the
precursor is poured into a micropatterned SU-8 mold without high-
vacuum conditions. When the substrate is subjected to an external
strain, the pillar edges rise because of the pillar bending caused by
shear stress applied on the bottom of the pillar (Fig. 3c-ii and Sup-
plementary Fig. 11). Therefore, when 3D fabrication is conducted at low
pre-strain (&pinar < 2.5%), the beam is guided along the smoothed edge,
and buckling occurs in the downward direction. On the contrary, when
3D fabrication is performed at high pre-strain (pjiar > 2.5%), buckling
occurs in the upward direction (Fig. 3c-iii and Supplementary Fig. 12).
Figure 3d shows the relationship between the deflection extent and
printing conditions in terms of &yencn. As reported previously, the
deflection of the buckled beam fabricated using the compressive strain
generated during the release process of the pre-stretched substrate is
only determined by the pre-strain applied to the substrate (a schematic
illustration of the buckled beam is given in Supplementary Fig. 13)*:

Governing equation : Fyeam/beam g5 =P(Ws — ), @
. L
Solution : wiX =228 = b K?Z’)m , )
Epre = 1 1 3
pre 2R 1 - )
2/((5) 1

In these equations, Lyeam is the length of the beam, Eyeanm is the
Young’s modulus of the beam, /yeam is the moment of inertia of the
beam, @ is the angle which the tangent at a point of the curved beam AB
makes with the x-axis, s is the distance along the axis of the curved
beam from A, Pis the force applied at B by the adjacent part of AB, w is
deflection in the z-direction, wg is deflection at B, B is defined as sing («
is 0 at B), &pre is the amount of pre-strain applied to the substrate, K(5)
is the complete elliptic integral of the first kind, and E(f) is the com-
plete elliptic integral of the second kind.

As shown in Fig. 3d-ii and Supplementary Fig. 14, the experi-
mental results regarding the maximum beam deflection as a function
of &ench (in this research, the trench strain is the same as the pre-
strain (gpre) in Eq. (3)) were well-matched with the results of finite
element method (FEM) simulation and analytical calculations. In
addition, as shown in Fig. 3d-iii, the configuration of the single beam
(measured using CLSM (Supplementary Fig. 15)) was well-matched
with the results of the FEM simulation. Here, for the above analysis,
the top surface of the pillar was assumed as flat under the applied
strain. Because the amount of edge deformation under strain is
relatively minor compared to the pillar width (originated from the
relatively small &,i1ar) (Supplementary Fig. 16); it affected the buck-
ling direction only, not the overall deflection configuration. Subse-
quently, we investigated the buckling mode (Fig. 3e), which describes
the shape of the beam when the buckling occurs (to intuitively
explain it, mode 1 has no inflection point, mode 2 has one inflection
point, and mode 3 has two inflection points). Generally, buckling with
mode 1 occurs most frequently because the required critical force
increases as the mode number increases (i.e., when a gradually
increasing compressive force is applied to a beam, buckling with
mode 1 occurs first before generating mode 2 or 3 under higher
compressive force). However, buckling with higher mode can be
controlled by adding mechanical constraints hindering buckling with
lower mode. Thus, we developed a design and fabrication method for
controlling the beam constraints by choosing appropriate printing
boundary conditions, enabling the design of buckling mode. For
width (wpiar) above 10 um, the bound site enables beam fixation, as

Nature Communications | (2023)14:833



Article

https://doi.org/10.1038/s41467-023-36302-9

a b Results ‘ Determinants by substrate
Woiiar Epillar Eyench Direction Initiall ¢ mea/ Loilar
1Lpi/lar I deformation (el Esubstrate
- Buckling . <:| Applied <:| <:| At
p/Ha pillar
Esubstrate Strain Configuration Deflection strain Eurench Esubstrate
" Boundal
(Esubstrate) tupstate™ botar Mode Critical load constrair:ty - Woiliar
¢ - Direction
c-i c-ii Experiment (CLSM) cHiii - ‘ ‘ ‘ ‘
b & 100-| . —
] o =
oS e
T 5 P N 4
5 ~ N
L "9:) :‘%’_ 604 §:° 4
a
Von Mises stress (MPa) . . = '% 40 Phase transition region
Epitar< 2.5 % 4.00 FEM simulation g < (concave > convex)
S 9 4
- g2 l"
& — E0 of e—e
o T \ \ T
* 15
— — p/l/ar ( / )
= 0% £, =7.5% = 30 % T T T T T
substrale substrate’ Substlare
9 = 0% &pila= 3.5% Eita= 15.7% 0 107 208 2.0
Epiar> 5 % Epilar= pillar™= pillar™ Esupstrate (%)

d - Deflection

d-i e S ——
T — 04| % oo Do ]
§ 3 |
— & R
= o2 el
Erencn L1 g —
trench
g N Znax] 31
L ]
° "L+ epre)
0 20 40 60 80 100 ‘ ‘ j j ; ;
Exrencn (%) 0 10 20 30 40 50
"o T2 27 age ! Position, (um)
Exench 11 Esupstrate (%0)
e - Mode
R . 3 FEM simulation
e-l e-ii ~ Au/SiO,
b S X\ (buckled line) S
A P, Fixed end (w, 10 pym . /\
(Wpiar > 10 um) PDMS T)‘
- / B (pillar) Mode 1
= - ‘ 3 L ode
_61 \_/jél I leed end (W, = 10 pm)
Wiiar> 10 pm illar \ =
Intermediate state between Au/SiO, Q—GI\/ /1 ;,r)-
=\ fixed and pinned end buckled line:
i | : Mode 2
\/\ ~ air PDMS
F T < S~ (trench) * (pillar) A Z
<3um i ! A~ P (i
Woilar= Pinned end (Wp, < 3 um) Pinned end (W, = 3 um) Mode 3

Fig. 3 | Design of buckling configuration and the related fabrication mechan-
ism. a Definition of the design parameters of the substrate. b Determinants by
substrate microstructure for controlling the three components of buckling con-
figuration (i.e., direction, deflection, and mode). ¢ Mechanism of buckling direction
control. c-i Schematic effect of pillar strain on buckling direction. c-ii Confocal laser
scanning microscopy images and finite element method simulation results showing
the effects of pillar strain on the pillar edge shape. c-iii Number of convex shapes
(upward buckling) depending on pillar strain. d Mechanism of buckling deflection
control. d-i Schematic dependence of buckling deflection on trench strain. d-ii
Effects of trench strain on the maximal z-directional deflection of the buckled beam

determined using experiments, theoretical analysis, and finite element method
simulation. d-iii Experimental and simulated results of overall beam configurations
under the applied printing conditions (applied external strain (€sypstrate) = 5%)-

e Mechanism of buckling mode control. e-i Schematic of the dependence of
buckling mode on the boundary constraints. e-ii Confocal laser scanning micro-
scopy and scanning electron microscopy images of the buckled beam acquired for
different boundary constraints with various pillar widths. e-iii Experimental and
simulation results obtained for buckled beams with the designed modes printed
using different pillar sizes and arrangements.

the thick pillar limits both beam displacement and beam rotation. In
contrast, Wpiiar < 3 pm corresponds to a pinned condition that limits
only beam displacement and allows beam rotation, as fixation by a
thin (compared with beam length) pillar is similar to point fixing
(Fig. 3e-ii). With these design parameters, we fabricated beams with
various buckling modes (e.g., modes 1, 2, and 3) and observed close
agreement with the simulation results (Fig. 3e-iii). In conclusion, we
found that the buckling configuration of the nanoscale beam can be
designed and controlled through the design of substrate surface
microstructure and substrate pre-strain.

3D fabrication of diverse 3D nanostructures

The practicality of the nanoscale 3D fabrication method was verified
by printing various 3D nanostructures (Fig. 4). Among the designable
parameters (i.e., shape of precursor 2D nanopattern, buckling
direction, buckling deflection, and buckling mode), the nanopattern
shape was examined first. Figure 4a shows the 3D nanostructures
printed using different precursor 2D nanopatterns (e.g., vertical
lines, diagonal lines, mesh, and serpentine) and a line-patterned
elastomer substrate. Regardless of the 2D nanopattern shape, the
corresponding 3D nanostructures were successfully printed on the

Nature Communications | (2023)14:833
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Fig. 4 | Results of mechanically guided assembly-based 3D fabrication under
various conditions. a Schematic illustration of precursor two-dimensional nano-
patterns (e.g., vertical lines, diagonal lines, mesh, and serpentine) and microscopic
images of three-dimensional nanostructures printed using the corresponding

nanopatterned molds. A white dashed line in nanomesh pattern is used to better
visualize the curvature of the nanomesh caused by buckling. b Confocal laser

scanning microscopy images of elastomer substrates with different micropatterns
and corresponding images of three-dimensional nanostructures printed on these

substrates. Three-dimensional nanostructures with convex (upward buckling) and
concave (downward buckling) shapes were printed by subjecting the substrate to
different pre-strains (i.e., Esypstrate = 20% and 5% for convex and concave shapes,
respectively), which is related to pillar strain (epiior) and the resultant pillar edge
shape. The structure displayed in the bottom right is a complex structure with
buckling modes 2 and 3 fabricated with a complex substrate of thin and wide
bound sites.

elastomer substrate. Then, buckling configuration designability was
demonstrated for a specific 2D nanopattern (nanoline pattern with
a linewidth of 800 nm), as shown in Fig. 4b. 3D fabrication was
applied to substrates with various micropatterns (e.g., ellipse, heart,
star, 4D, and NANO), and in each case, 3D nanostructures with con-
vex (upward buckling) and concave (downward buckling) shapes
were printed by applying different pre-strains to the substrate
(e.g., Esubstrate = 20% and 5% for convex and concave shapes, respec-
tively). In addition, the substrate was also designed to have a complex
of thin and wide bound sites (i.e., a complex of pinned and fixed
ends) to print a complex structure with buckling modes 2 and 3. The
results of these experiments confirmed that the developed strategy
allows one to control the configuration of nanoscale buckling and to
print various 3D nanostructures.

Gas sensor application

To demonstrate the applicability of nanoscale 3D fabrication, we used
it to fabricate highly sensitive and stretchable gas sensors. Considering
the growing demand for wearable electronics, stretchable devices
such as pressure sensors* 2%, strain sensors**°, and heaters” have
received increased attention. Among the various strategies for realiz-
ing wearable electronics, strain-insensitive device fabrication is parti-
cularly important for ensuring the precise functioning of electronic
components®. However, for gas/chemical sensors, the realization of
strain-insensitive properties is difficult’, as the main constituent
materials such as metal oxide semiconductors and noble metals are
brittle and cannot be encapsulated by a stretchable matrix because of
the need to expose the sensing materials to gaseous species. More-
over, the complex nanostructures with high surface-area-to-volume
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Fig. 5 | Electromechanical characteristics and performance of gas sensors.

a Relative electrical resistance of Pd nanostructures with/without buckling as a
function of external strain. b Relative resistance of a Pd nano-serpentine pattern
with buckling and that of a bound Pd nanopattern as functions of H, level and
external strain. ¢ Relative resistance of the Pd nano-serpentine pattern with

0 10000 20000 30000 40000 50000 60000
Time (s)

buckling as a function of H,S, CO, and NO, levels. d Overall results of gas tests. The
selectivity test was performed only for the sensor based on the Pd nano-serpentine
pattern with buckling. e Relative resistance of In,O5 nano-serpentine pattern with
buckling as a function of NO, level and external strain. The colored shading regions
(gray, blue, and red) mean injection regions of each gas.

ratios required for securing high sensitivity are difficult to fabricate on
stretchable substrates.

To address these limitations, we employed nanoscale 3D fabri-
cation to fabricate strain-insensitive gas sensors. Initially, the electro-
mechanical characteristics of the 3D printed nanostructures were
evaluated to fabricate rationally designed gas sensors. When a strain
was applied to a 3D nanostructure fabricated using the nano-
serpentine pattern and a pre-strain of 20%, the initial resistance
was maintained (resistance change <5%) until an external strain of
35% (Fig. 5a, Supplementary Fig. 17, and Supplementary Notes 3).

Subsequently, the 3D nanostructure based on the nano-serpentine
pattern was used as a Pd-based H, sensor, offering three advantages
over conventional bound nanopatterns in view of its unique buckled
structure. Specifically, the utilization of all four sides of the nanoline
pattern increased the active surface area, the effect of constraining the
volume expansion of Pd by the bound substrate during the reaction
was eliminated®, and strain-insensitive sensing abilities were achieved
as mentioned above. Figure 5b shows the gas sensing performances
of buckled and bound nanopatterns under identical conditions. When
both sensors were exposed to H,, the buckled nanopattern showed
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27- and 20-fold higher responses than the bound nanopattern at H,
levels of 1vol% and 1.4 vol%, respectively. Notably, the buckled nano-
pattern maintained its response to 1vol% H, with a variance of 12.0%
when an external strain of up to 30% was sequentially applied, while
the bound nanopattern was broken under the action of an external
strain of 7.5%. In addition, the experiments for sensing performance
after a cyclic test with the repeated loaded/unloaded strain were
conducted as shown in Supplementary Fig. 18. The fabricated sensor
was not damaged during the cyclic test of the repeated stretching/
releasing, and the variation of 11.7% (i.e., the difference between sensor
responses to the H, gas during the stretching/releasing cyclic test) is
still within the original sensor variation of 12.0% (i.e., the difference
between sensor responses to the H, gas during the repeated exposure
to the air/H2 gas). Figure 5c presents the selectivity of the buckled
nanopattern-based sensor. The negligible responses (<0.01%) of the
stretchable H, sensor fabricated by 3D fabrication to 10 ppm H,S,
50 ppm CO, and 5 ppm NO, were indicative of its superior sensitivity
and selectivity, revealing that this sensor could be effectively used
even under external strain (Fig. 5d).

In addition, by adopting different printing materials (Fig. 2b and
Supplementary Table 1), we fabricated other types of stretchable gas
sensors. For example, a buckled In,O5-based sensor (Fig. 5e) was used
to detect NO,, which can damage the human respiratory tract and
increase the vulnerability to and the severity of respiratory infections
and asthma®. Similar to the H, sensor, it maintained the response to
10 ppm NO, with a variance of 12.5% when an external strain of up to
30% was sequentially applied. It reveals that various gas sensors with
different detection gases can be fabricated using the developed
nanoscale 3D fabrication. A detailed explanation of the working
mechanisms of each gas sensor is described in Supplementary Notes 4.

Discussion

A strategy for mechanically guided assembly-based 3D fabrication was
developed and shown to enable the printing of nanoscale 3D struc-
tures with designable configurations. Nanotransfer to the elastomer
substrate was achieved by modulating the adhesion force between the
polymer mold, target material, and the elastomer characteristics, and
the relationship between the substrate’s mechanical properties
and the final buckling configuration was studied to achieve a rational
design of fabricated 3D nanostructures. Subsequently, diverse 3D
nanostructures with different configurations were printed using var-
ious 2D nanopattern shapes, buckling directions, buckling deflections,
and buckling modes to demonstrate the feasibility of the suggested
process and the related design diversity. The printed structures
showed strain-insensitive electrical characteristics due to the designed
buckling structure and were used to fabricate Pd- or In,O5-based high-
performance stretchable gas sensors.

Despite the above success, some challenges remain to be
addressed. First, the longitudinal size of the printed structures
needs to be further decreased, as this study has only discussed
nanoscale width and thickness, while the length was beyond the
microscale. To handle this issue, one needs to develop methods of
nanoscale alignment during 3D fabrication, as this alignment is
required to precisely design and control the final 3D structure. Sec-
ond, the commercialization of the nanoscale 3D fabrication process
requires the realization of an inverse design process and printing
under omnidirectional strain. Herein, we discussed the relationship
between the fabrication parameters and the final buckling config-
uration for printing under unidirectional strain using analytical cal-
culations, FEM simulations, and experiments. We expect that an
inverse design tool including omnidirectional strain analysis can be
developed in the near future based on these findings and previous
studies on microscale printing®.

Nonetheless, the results presented herein should help resolve the
bottleneck related to the printable size of mechanically guided

assembly and pave the way to nanoscale 3D fabrication realization and
commercialization for the fabrication of optical devices, physical/
chemical sensors, catalysts, and bioelectronics.

Methods

The procedure of mechanically guided assembly-based 3D
fabrication

The developed 3D fabrication process featured the following
three steps.

(1) Nanopatterned mold fabrication. A Si master was prepared by
krypton fluoride lithography to fabricate sacrificial nano-
patterned polymer films. For polymer mold replication, RM-311
polyurethane resin (Minuta Technology Co., Ltd., Korea) was
poured onto the prepared Si master and covered by a UV-
transparent polyethylene terephthalate film. Proper pressure was
applied to the resin using a hand roller to facilitate the complete
penetration of the resin into the master nanopatterns, and the
resin was subsequently cured under UV light of a wavelength of
300-400 nm with a peak wavelength of 365nm and separated
from the master. This process could be conducted repeatedly,
and various polymer molds with different nanopatterns could be
fabricated using different Si masters®?>*,

Micropatterned substrate fabrication. For substrate surface
micropatterning, SU-8 was patterned on a Si wafer by photo-
lithography using a stepper (MDA-8000B, Midas System, Korea)
and then treated with a self-assembled monolayer (trichloro(1H,
1H, 2H, 2H-perfluorooctyl)silane, Sigma-Aldrich, USA) to facilitate
the separation of the elastomer from the SU-8 mold. Subse-
quently, acommercial elastomer precursor (PDMS, SYLGARD 184,
Dow Chemical Co., USA) was poured on the SU-8 mold and cured
at 50 °C for 10 h. The micropatterned elastomer was separated
from the SU-8 mold and used as a substrate.

Nanotransfer printing on elastomer substrate with pre-strain and
release. Target materials such as Au, SiO,, Pd, Pt, Ag, Cu, Cr, TiO,,
Fe, Al,O3, and In,O3 were deposited on the nanopatterned PUA
mold using an e-beam evaporator (Daeki Hi-Tech Co., Ltd., Korea).
Then, the mold with the target material and the micropatterned
PDMS substrate were subjected to 10-s O, plasma treatment at a
power of 100 W and an O, flow rate of 50 sccm to activate
the material surface and selectively etch the PUA mold. The
adhesion promoter, N-[3-(trimethoxysilyl)propyl]ethylenedia-
mine, was spin-coated on the PDMS substrate at 5000 rpm, and
the substrate was heated in a convection oven at 180 °C for 3 min
to evaporate the solvent and activate the dangling bonds of the
adhesion promoter. The plasma-treated PUA mold was then
placed on pre-stretched PDMS by a customized linear stage and
slightly pressed using a hand roller in the oven to facilitate the
conformal contact between the mold and the substrate. After
4 min at 180°C, the mold was slightly detached from the
substrate, transferring the target material to the same, and the
pre-strain was then slowly released.

V)

3)

Configuration analysis and printing of various 3D
nanostructures

Surface profiling and 3D imaging were performed using confocal
laser scanning microscopy (VX-X1050, Keyence, Japan). Surface
characteristics were also evaluated by field-emission scanning elec-
tron microscopy (Sirion, FEI, the Netherlands) and focused ion-beam
scanning electron microscopy (Helios Nanolab, FEI, the Netherlands).
All simulations were carried out using Abaqus CAE software (Dassault
Systems, France). Experiments for analyzing the buckling config-
uration in Fig. 2 were carried out with an Au thickness of 100 nm.
Experiments in Fig. 3a were carried out using a Pd thickness of
100 nm, and those in Fig. 3b were performed using a multilayer setup
of 50 nm Au and 50 nm SiO,.
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Electromechanical characterization of printed nanostructures
and their evaluation as gas sensors

A customized linear stage and a commercial source meter (Keithley
2400, Keithley Instruments, USA) were used to measure electrical
resistance under applied strain. In gas tests, 100-nm-thick Pd and In,05
layers with a nano-serpentine pattern were fabricated and used as gas
sensors. H, and NO, sensing tests were conducted using a customized
gas chamber, and gas content was controlled using a mass flow con-
troller. Target gases with the desired contents (0.2, 0.6, 1, and 1.4 vol%
for H, and 1, 5, 10, and 20 ppm for NO,) were prepared by controlling
the flow rates of H,, NO,, O, and N, with similar ratios as the ambient
air and supplying them to the gas chamber. During the gas test, the
electrical resistance of the gas sensor was measured using a source
meter (2635 B, Keithley Instruments, USA). In the gas selectivity test,
the level of each tested gas was set close to the permissible exposure
limit or the lower explosive limit according to the OSHA safety
guidelines for toxic and hazardous substances 1915.1000°*. During the
gas tests of In,03-based NO, sensor, visible light was illuminated by a
commercialized illuminator (Lucky 7 LED, Seoul Semiconductor,
Korea) with an output power of 100 W to facilitate the gas reaction.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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