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OPEN

Recent research establishes methods of controlled mechanical assembly as versatile routes to three-dimensional (3D)
mesostructures from patterned 2D films, with demonstrated applicability to a broad range of materials (e.g., semiconductors,
polymers, metals, and their combinations) and length scales (e.g., from sub-microscale to centimeter scale). Previously reported
schemes use pre-stretched elastomeric substrates as assembly platforms to induce compressive buckling of 2D precursor
structures, thereby enabling their controlled transformation into 3D architectures. Here, we introduce tensile buckling as a different,
complementary strategy that bypasses the need for a pre-stretched platform, thereby simplifying the assembly process and
opening routes to additional classes of 3D geometries unobtainable with compressive buckling. A few basic principles in mechanics
serve as guidelines for the design of 2D precursor structures that achieve large out-of-plane motions and associated 3D
transformations due to tensile buckling. Experimental and computational studies of nearly 20 examples demonstrate the utility of
this approach in the assembly of complex 3D mesostructures with characteristic dimensions from micron to millimeter scales. The
results also establish the use of nonlinear mechanics modeling as a mechanism for designing systems that yield desired 3D
geometries. A strain sensor that offers visible readout and large detectable strain range through a collection of mechanically
triggered electrical switches and LEDs serves as an application example.
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INTRODUCTION

Controlled formation of complex three-dimensional (3D) mesos-
tructures is critically important in various fields of engineering and
scientific research, where an increasing emphasis is on promising
applications in areas from biomedical devices'™ and energy
storage,””” to metamaterial®'® and electronics,''~"* and to optical
devices."*™"” Depending on the length scales and material types, a
broad set of manufacturing approaches is now available, including
3D/4D printing,'®?" templated growth,*~** controlled folding,**~
% and mechanical assembly.>*** Most of these existing
approaches are not, however, applicable directly to advanced
electronic materials (e.g., single-crystal semiconductors or metals)
or to the classes of planar, thin film devices that dominate
traditional electronic and optoelectronic systems. For example, in
schemes that leverage responsive materials (i.e., gels**>° shape
memory materials,**™** or liquid crystal elastomers,**~*°) integra-
tion of inorganic semiconductors, metals, and other electronic
materials can be challenging. Approaches that exploit residual
stresses' #2470 or capillary forces®'*? avoid this disadvantage
but they involve only relatively simple folding/rolling deforma-
tions and access to a limited range of 3D geometries. Mechanically
guided schemes that exploit compressive buckling in 3D assembly
offer an attractive set of capabilities, including full compatibility

with the most advanced planar materials and fabrication methods
used in state-of-the-art microsystems technologies.’>*%* Recent
reports describe the utility of such approaches in building
sophisticated 3D mesostructures in single-crystal silicon, metals,
dielectrics, and even in realizing integrated device systems, over
length  dimensions  from  sub-micron to  centimeter
scales.???%335%5% The geometrical transformation process that
converts two-dimensional (2D) structures into 3D systems exploits
pre-stretched elastomer substrates. Although useful in many
contexts, pre-stretching the substrate can cause practical compli-
cations in the manufacturing, along with limits in processing
options.

Here, we introduce tensile buckling as an alternative approach
to the assembly of 3D mesostructures, with a majority of the
demonstrated 3D topologies inaccessible to compressive buck-
ling. Combined computational and experimental studies of nearly
20 examples show that properly designed 2D precursors can be
transformed into desired 3D mesostructures in a deterministic
manner, either with use of uniaxial or biaxial tensile strains. A
visible strain sensor that relies on mechanically triggered electrical
switches and LEDs illustrates a simple 3D device that can be
realized using this approach.
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RESULTS
Assembly process and design strategy

Figure 1 illustrates the use of tensile buckling for 3D assembly,
along with various design strategies in this context. As shown in
Fig. 1a, the process begins with transfer printing of 2D precursors
onto an elastomeric substrate (i.e, assembly platform). Strong
bonding occurs through surface chemical reactions at lithogra-
phically designed sites (i.e,, the red regions in Fig. 1a). Stretching
(uniaxial in this case) the substrate leads to delamination at the
non-bonded regions to induce a 2D-to-3D geometrical transfor-
mation through coordinated bending/twisting deformations and
translational and rotational motions. See Methods for additional
details.

In the tensile buckling approach, the geometry of the 2D
precursor is critically important because many 2D layouts either
fracture when subjected to large levels of stretching or produce
trivial degrees of out-of-plane deformations. Here, we introduce
three different design principles. The first leverages the Poisson’s
effect in which uniaxial tensile stretching of the substrate leads to
compression in the transverse direction, thereby triggering 3D
assembly through compressive buckling. Figure 1b provides four
examples of this strategy in bilayers of polyethylene terephthalate
(PET; 50 um) and copper (Cu; 1 um), each by uniaxial stretching
along the y axis. Quantitative mechanics modeling based on
nonlinear 3D finite element analyses (FEA; see Methods for details)
can quantitatively capture all aspects of this assembly process, as
evidenced by the remarkable level of agreement between
predicted and experimentally realized 3D configurations. The
FEA results also show that the maximum principal strains of these
3D mesostructures are well below the fracture thresholds of
copper and PET. In the second design approach (Fig. 1c), the
bonding sites locate at the inner regions of the 2D precursors,
such that the outward movement of those bonding sites induced
by stretching of the substrate results in the out-of-plane
deformations at the outer regions. Specifically, the closed ribbon
circles of the two designs in the right panel of Fig. 1c serve to
restrain the in-plane expansion of the precursor structures. The
result leads to out-of-plane bending deformations of the ribbons
along the radial direction. In this manner, the closed circles
experience mainly out-of-plane translations and undergo relative
small deformations, thereby minimizing the strain energy of the
entire system. The third design applies mainly to spiral-shaped 2D
precursors, where uncoiling deformations form 3D mesostructures
during tensile buckling. Figure 1d summarizes six representative
examples based on this principle. The 2D precursor in the first
takes the form of an Archimedean spiral, with bonding sites set at
the two ends. The elongation between the two ends induces
lateral buckling of the curvy ribbon, and thereby forms an
uncoiled 3D ribbon mesostructure. The three designs on the right
correspond to variants or combinations of basic Archimedean
spirals. It is noteworthy that the 3D geometries demonstrated in
Fig. 1c and d are inaccessible to the approaches based on
compressive buckling. The aforementioned mesostructures can
serve as building block elements to form sophisticated 3D
architectures. Figure Te provides two examples that interconnect
the basic elements (i.e., uncoiled 3D ribbon mesostructures in Fig.
1d) in an array configuration. In all cases, the experimental
observations agree well with FEA.

These assembly processes involve elastic mechanics and,
therefore, they are reversible. The 3D mesostructures recover
almost completely to the planar configurations after release of the
stretch. This finding is consistent with the FEA, in which the
maximum strains of the dominant layer (PET; 50 um) are well
below the yielding strain. For all of the 3D mesostructures in Fig. 1,
the out-of-plane displacements are comparable to the in-plane
dimensions, according to their distributions in Supplementary
Fig. S1.
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Designs optimized to achieve maximum out-of-plane
displacements

Achieving large out-of-plane displacements represents an impor-
tant consideration in precursor design. This section focuses on two
representative cases to illustrate the connection between
precursor geometries and out-of-plane displacement during the
tensile buckling. The first represents the most basic element of a
spiral, an arc of angle 6 and end-to-end distance L, as shown in
Fig. 2a. Here, the arc angle () represents a dominant geometric
parameter that determines the buckled configurations. By
contrast, the width-to-length ratio (W/L) typically plays a negligible
role. During tensile buckling, the maximum out-of-plane displace-
ment (Usmax) Of the structure first increases with increasing
applied strain (€,ppliea), @ shown in Fig. 2b and c for a design with
6 = 240°. As the applied strain reaches 22%, the maximum out-of-
plane displacement (Usmax) reaches its peak value, beyond which
Us max decreases, due to the restraint that the finite ribbon length
places on the out-of-plane displacement. The deformed config-
urations in Fig. 2b Erovide further evidence of this behavior. As
such, the ratio U_Ef‘enaqax/Lmax can serve as a metric for the out-of-
plane deformability of a 2D precursor design during tensile
buckling. The experimental and computational result in Fig. 2d
show a monotonic increase of UP /1. with increasing arc
angle (). In comparison to the arc angle, the width-to-length ratio
(W/L) and the thickness-to-width ratio (t/W) play relatively minor
effects, consistent with experiment and FEA results (see Supple-
mentary Fig. S2a and b for details).

The second design possesses a spiral geometry, consisting of
three half-circles with different radii (R;, R, and Rs), as shown in
Fig. 2e. In this case, the two radius ratios, Ri/R, and Rs/R,,
represent the dominant geometric parameters that affect the
buckled configurations. Figure 2f, g illustrates the variation of the
maximum out-of-plane displacement (Us max) and the deformed
configuration as the applied strain increases, for a spiral design
with R;/R, = 0.8 and Rs/R, = 1.6. Here, the out-of-plane displace-
ment also exhibits a non-monotonic dependence on applied
strain, indicating the existence of a peak ratio U2 /I .. that
defines the out-of-plane deformability. Figure 2h elucidates the
effects of the two radius ratios (R;/R, and Rs/R,) on the out-of-
plane deformability. U2 /Lmax is found to increase monotoni-
cally with increasing R:/R, or decreasing Rs/R,. In comparison to
these two ratios (R/R, and R3/R,), the width-to-radius ratio (W/R5)
and the thickness-to-width ratio (t/W) play relatively minor effects,
consistent with experiment and FEA results (see Supplementary
Fig. S2c and d for details).

A strain sensor based on mechanically triggered electrical switches
and LEDs

The ability to elastically tune the 3D configurations of mesos-
tructures assembled in this manner has important implications in
device applications. As an example, we present a visible strain
sensor formed by tensile buckling. Compared with the strain
sensors reported previously, the 3D strain sensor developed here
has the advantages of visible readout and relative large range of
detectable strain (from 9.8% to near 50% in this example). Figure
3a illustrates the working principle of a basic element, ie., a
mechanically triggered electrical switch connected to a commer-
cial LED. The 2D precursor structure (Cu; 6 um) consists of two
identical spiral ribbons (each with two half-circles of radii, R, and
R.,) separated from one another. Uniaxially stretching the substrate
leads to tensile buckling processes that transform the spiral
ribbons into 3D configurations. The two separate structures
approach one another. As the applied strain reaches a critical
value (Egiticar), the two ribbons begin to contact, thereby turning
the LED on. In general, the critical strain for the onset of contact
(and thereby for turning on the LED) depends on the width-to-
radius ratio (W/R;) and the radius ratio (R»/R;). Figure 3b
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Fig. 1 Design strategies and various examples of 3D mesostructures assembled by tensile buckling. a Results of finite element analyses (FEA)
that illustrate the process of assembly by controlled tensile buckling. The red regions of the 2D precursors denote the locations that bond
strongly to the substrate. b 2D precursors, experimental images and FEA predictions for four 3D mesostructures in bilayers of PET (50 um) and
copper (1 um), assembled by x-directional compression induced by the Poisson’s effect, upon uniaxial stretching of the substrate along the y
axis. ¢ Similar results for four 3D mesostructures assembled by lateral buckling under biaxial stretching of the substrate. d Similar results for
another six 3D mesostructures assembled through an uncoiling-type buckling under biaxial stretching of the substrate. e Arrayed
architectures with two structures in (d) that serve as the building block elements. The colors in the FEA results correspond to the maximum
principal strains. Scale bars, 5 mm
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Fig. 2 Designs to optimize the out-of-plane displacements of two representative 2D precursors during tensile buckling. a lllustration of a 2D
precursor in an arc geometry. b Experimental and FEA results on the intermediate states (I, Il, and Ill, as marked in c) of the 3D assembly. ¢
Measured and calculated maximum out-of-plane displacements (Us max/Lmax) Of the buckled configuration versus the tensile strain applied to
the substrate, for the precursor design with parameters 6, W/L, t/W, W)= (240°, 0.05, 0.1, 500 um). d Experimental and FEA results on the
normalized maximum out-of-plane displacements Upe,f]ax/LmaX versus the arc angle 6, for three different ratios (W/L = 0.025, 0.033, 0.05) and
fixed parameters (t/W, W) = (0.1, 500 pm). e lllustration of the 2D precursor in a coil geometry consisting of three half-circles of different radii
(R1, Ry and R3). f Experimental and FEA results on the intermediate states (I, Il, and Ill, as marked in g) of the 3D assembly. g Measured and
calculated maximum out-of-plane displacements (Us may) of the buckled configuration versus the tensile strain applied to the substrate, for the
precursor design with parameters (R1/R,, R3/R2, W/R,, t/W, W) = (0.8, 1.6, 0.05, 0.1, 500 pm). h Experimental and FEA results on the normalized
maximum out-of-plane displacements (U5’ na]ax/Lmax) versus the radius ratio Ry/R,, for three different ratios (Rs/R, = 1.2, 1.6, 2.0) and fixed
parameters (W/R,, t/W, W) = (0.05, 0.1, 500 pm) The colors in the FEA results correspond to the maximum principal strains. The red regions of
2D precursors denote the parts bonded onto the substrate. Scale bars, 5 mm
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Fig. 3 A 3D strain sensor with LED readout: design principle, quantitative modeling, and experimental measurements. a FEA results that
illustrate the design principle of a strain sensor that uses mechanically actuated electrical switches and LEDs. Without stretching, the LED is
off; as the tensile strain reaches a critical value, the two electrically conducting ribbons contact each other, thereby turning on the LED. b FEA
predictions of the critical strain for the onset of contact versus the width-to-radius ratio (W/R,) for a fixed radius ratio (R./R; =2). ¢
Experimental images and FEA predictions on the deformed configurations of a strain sensor at different stages of stretching. The device
consists of nine LEDs (lateral dimension: 820 x 450 ym) and nine electrical-switch elements with different width-to-radius ratios. The colors in
the FEA results correspond to the maximum principal strains. d 2D precursor designs and the deformed configurations at the onset of contact
(i.e., Eapplied = Ecritical) fOr three representative electrical-switch elements. The colors in the FEA results correspond to the out-of-plane
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demonstrates that even for a fixed radius ratio (R,/R; =2), the
critical strain changes dramatically from ~49.6 to 9.8%, as the
width-to-radius ratio (W/R,) increases from ~0.43 to 0.92. This type
of mechanical tunability forms the basis of a strain sensor with
LED readout by interconnecting spiral-shaped electrical switches
with the same radii (R; and R,) but with different widths (W).
Figure 3c and Supplementary Fig. S3a summarize a strain sensor
that has nine components connected in parallel. The 2D

Published in partnership with Nanjing Tech University

precursors of three representative components are in Fig. 3d,
which offer distinct critical strains (9.8, 29.6 and 49.6%) to turn on
the LEDs. The 2D precursor designs and detailed FEA results for
the other components are provided in Supplementary Fig. S3b. As
the stretching of elastomer substrate proceeds, the LEDs are
lighted up sequentially as the applied strain (€,ppiieq) reaches the
various critical strains of 9.8, 15.3, 20.1, 24.9, 29.6, 34.5, 40, 44.8,
and 49.6%. Consequently, the number of activated LEDs serves as

npj Flexible Electronics (2018) 14
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a visible index of the strain. Full-scale 3D FEA results provide
accurate predictions both for the deformed configurations (Fig.
3¢), and for the quantitative values of strain ranges (Fig. 3e) that
correspond to different numbers of lighted LEDs. This design
concept is scalable to other sizes and geometries, with an example
demonstrated in Supplementary Fig. S4, in which the dimensions
are scaled up by approximately five times.

DISCUSSION

In summary, the assembly concepts and design principles
reported here provide a route to the rapid formation of complex
3D mesostructures based on tensile buckling. Experimental and
computational studies of ~20 demonstrative examples illustrate
several different design strategies and a broad range of 3D
geometries. Quantitative mechanics modeling indicates that a
maximum in out-of-plane displacement occurs during the
buckling process, and that this value can serve as a metric for
the realizable level of three dimensionality that can be realized for
a given design. A strain sensor with LED readout demonstrates the
ability to use theoretical models as design tools to create targeted
3D geometries with desired modes of device functionality.
Additional opportunities may follow from the use of concepts
with other types of stretchable functional devices.

METHODS

Finite element analysis

FEA used commercial software (ABAQUS) to capture all mechanics aspects
of the 2D-to-3D transformation process, including the distributions of
strain during tensile buckling. Four-node shell elements were used for 2D
precursors in PET/copper bi-layer or single layer copper, and eight-node
solid elements were used for the elastomeric substrate. Refined meshes
ensured computational accuracy. The elastic modulus (E) and Poisson’s
ratio (v) are Epgr = 3.5 GPa and vpgr = 0.39 for PET, Ec, = 119 GPa and v, =
0.34 for Cu, and Egypstrate = 166 kPa and Vsypsirate = 0.49 for the substrate.

Fabrication of 3D mesostructures through tensile buckling
Preparation of 3D mesostructures shown in Figs. 1 and 2 began with
mechanical cutting of bilayers of copper (1 um) and PET (50 um) into
desired patterns, followed by transfer onto a silicone substrate (2 mm in
thickness, Dragon Skin®, Smooth-On). A commercial adhesive (Super Glue,
Gorilla Glue Company), dispensed at desired locations yielded strong
mechanical bonds after curing at room temperature for several minutes.
Slowly stretching the substrate initiated the assembly process.

Fabrication of the microscale strain sensors with LED readout

The process began with spin coating (800r.p.m.) of a precursor to
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) onto a glass slide.
After curing at 70 °C for 30 min, 6-pm-thick copper foils were laminated
onto PDMS-coated glass slides. A thin sacrificial layer of photoresist
(AZ4620, about 9 um) spin cast (3000 r.p.m.) and cured (110 °C for 1 min)
on one side of the copper foils facilitated flat and bubble-free contact with
the PDMS. Standard photolithography followed by wet etching defined
patterns in the copper. Immersing the samples in acetone removed the
AZ4620. Water soluble tapes (polyvinyl alcohol, PVA) were used to retrieve
the patterned copper foils from the glass slides. With samples on the PVA
tapes, a thin layer of silicon dioxide (about 50 nm) was deposited at the
locations of the bonding sites by electron-beam evaporation through
aligned shadow masks. Ultraviolet-ozone treatment of the silicone
substrate (Dragon Skin®, Smooth-On) and the samples for 4 min followed
by lamination and baking (70°C, 10 min) in a convection oven yielded
strong bonds at the locations of the silicon dioxide. Rinsing with warm
water to dissolve the PVA tape compteted the transfer and bonding
process. Nine LEDs (APGO603CGC-TT, Kingbright Company) were bonded
to electrode pads with conductive epoxy (CW2400, Chemtronics). The two
peripheral pads were connected to conducting wires to allow connection
to an external power supply.

npj Flexible Electronics (2018) 14

Fabrication of the millimeter-scale visible strain sensors

Preparation of the millimeter-scale strain sensor in Supplementary Fig. S4
began with mechanical cutting of a film of copper (30 um in thickness) into
desired patterns, followed by transfer to a silicone substrate (2mm in
thickness, Dragon Skin®, Smooth-On) using thermal releasing tape. A
commercial adhesive (Super Glue, Gorilla Glue Company), dispensed at the
desired locations on the 2D precursors, resulted in strong bonding to the
silicone substrate after curing at room temperature for several minutes.
Commercial LEDs were integrated with the copper patterns using
conductive sliver ink. Slowly stretching the substrate initiated the assembly
process.

Data availability

The experimental data which support the findings of this study could be
available from the corresponding author upon reasonable request.
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