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unique levels of topological complexity and structural stability. Fur-
thermore, an application in antennas for near-field communication
(NFC) technologies demonstrates the utility of transformable, 3D
geometries from releasable, multilayered 2D precursors for enhanced
quality (Q) factor and improved working angle compared to con-
ventional, 2D counterparts.

RESULTS

3D multilayer mesostructures with fully separated
configurations

Figure 1 presents the design concepts, assembly approaches, and
fabrication processes for building 3D mesostructures from releasa-
ble, multilayer, 2D precursors formed by layer-by-layer transfer print-
ing (47-49). An illustrative example of 3D trilayer nested silicon cages
appears in Fig. 1 (A and B). The process starts with the preparation
of lithographically defined 2D precursors of circular cages in silicon-
epoxy bilayers with three different feature sizes (radii, 1500, 1000, and
700 um) on silicon-on-insulator (SOI) wafers (1.5 um in thickness).
Sacrificial layers (AZ 5214) patterned on top of each 2D precursor de-
fine positions of bonding sites and also allow their subsequent release
from one another by transfer printing after stacking (with centers
aligned). Delivery of the trilayer onto a prestrained (~70%, equal bi-
axial) silicone substrate followed by removal of the sacrificial layers
and relaxation of the prestrain induces compressive forces that trigger
independent out-of-plane buckling of each of the three 2D precursor
layers to form a 3D nested cage structure. Detailed procedures appear
in Materials and Methods. The initial and intermediate states of
assembly obtained through finite element analyses (FEA; see the Sup-
plementary Materials for more details) are shown in the left three
frames of Fig. 1B, indicating that each layer assembles independently
without any interaction between layers during the buckling process.
The final configuration corresponds to nested cages, as illustrated by
the results of FEA and the colorized scanning electron microscope
(SEM) image (the right two frames in Fig. 1B). Note that the inter-
mediate and final configurations denote the shapes of buckled 3D
mesostructure when the prestrain is partially and completely relaxed,
respectively. The color in the FEA illustrates the distribution of max-
imum principal strains, indicating that peak values remain well below
the fracture thresholds (~2%) for the silicon.

Figure 1C presents another example, in the form of a 3D trilayer
microstructure in epoxy that resembles a tree. Here, layer-by-layer
transfer printing (fig. S1A) on a prestrained substrate (60%) enables
the assembly; the final geometry exhibits quantitative agreement with
FEA predictions (right two frames in Fig. 1C and fig. S1B). These
design concepts and assembly approaches are applicable to 3D mul-
tilayer mesostructures with many different configurations. Representa-
tive examples at the microscale include bilayer saddles of epoxy (Fig.
1D), boxes of silicon (Fig. 1E), and membranes of silicon (Fig. 1F).
Multilayer 2D precursors formed with different materials in different
layers enable the assembly of 3D heterogeneous mesostructures. An
example of a hybrid 3D trilayer nested cage appears in Fig. 1G, in
which the bottom and upper layers are epoxy and the middle layer
is silicon.

Mechanical/laser cutting techniques provide alternatives to
photolithography for fabrication of multilayer, 2D precursors with com-
paratively large feature sizes (for example, from ~100 um to several cen-
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timeters). The fabrication process is schematically illustrated in fig.
S2A, and the details are provided in Materials and Methods. Highly
complex 3D geometries can be achieved using these techniques, as
demonstrated by two examples of Cu (1 um)/PET (50 pm) bilayers in
Fig. 1 (H and I). Figure 1H and fig. S2B present the assembly of three 2D
membrane precursors into a trilayer architecture that resembles the
Sydney Opera House. A variant of the tree structure in Fig. 1C, which
consists of four layers and an elaborate “leaf” configuration, is
illustrated in Fig. 1I and fig. S2C. The corresponding assembly process
is shown in movie S1. The ribbons that connect directly to the
bonding areas are ~300 um in width, and the entire lateral size of
the four-layer tree is less than 1 cm. In all of these examples, the final
3D configurations can be tailored continuously by using different
levels of prestrain. The dependence of the maximum out-of-plane dis-
placements of different layers on prestrain for three representative
examples appears in fig. S3. The out-of-plane displacements of differ-
ent layers all increase monotonically to approach corresponding max-
ima with increasing prestrain. In the various 3D architectures in Fig. 1,
no evident wrinkling is observed in the contact pads that bond with
the substrate, because the wrinkling wavelength for an infinitely large
film (with the same thickness) compliantly bonded onto a prestretched
substrate of the same material is always larger than the characteristic
in-plane sizes of contact pads, typically by a factor of >2. For example,
quantitative calculations based on the reported analytic models (50, 51)
yield wrinkling wavelengths of ~0.43, ~0.61, and ~0.61 mm for the bot-
tom, middle, and top layers, respectively, of the nested 3D cages (Fig.
1B). These values are larger than the corresponding in-plane sizes
(~0.13, ~0.2, and ~0.3 mm) of square-shaped bonding pads.

In addition to Cu/PET bilayers, these same techniques can also be
applied to form 3D multilayer structures in plastic (fig. S4). As in all of
the other cases, FEA predictions match experimental results.

3D multilayer mesostructures with assisting features

Each layer in the examples in Fig. 1 assembles independently, with-
out mechanical interactions with other layers. By careful selection
of the geometries of the different layers, their bonding sites, and the
levels of prestrain, tailored interactions can be engineered to assist
the assembly process and/or structurally stabilize the final 3D archi-
tectures. Figure 2A (top five frames) provides representative examples
of interacting 3D bilayer microstructures in polyimide (PI) (green
color), epoxy (yellow color), and copper/PI bilayers (orange color).
The left column shows the layouts of stacked 2D precursors. Relax-
ing the prestrain initiates out-of-plane buckling of the base layers.
Their interaction with the overlying layers imparts forces at selected
locations that reshape the systems into programmed 3D configura-
tions. The intermediate states of assembly and final configurations
are given by FEA simulations and SEM images in the center and right
columns of Fig. 2A, respectively. The first two examples in Fig. 2A are
spire-shaped 3D bilayer mesostructures. Here, the buckled ribbon of
the base layer drives the transformation of the single and double coils
in the overlying layers into 3D spires. The resulting mesostructures
can be used in NFC devices, as described subsequently. Moreover,
both kirigami and origami design principles can be applied, as shown
in the chair, box, and pyramid structures of Fig. 2A. These microstruc-
tures can be reversibly opened and closed by mechanical stretching/
releasing the elastomer substrate, thereby serving as unusual types of
micromanipulators (52). The bottom three frames of Fig. 2A corre-
spond to 3D multilayer structures in plastic, with shapes that resemble
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Fig. 1. Process for deterministic assembly of 3D mesostructures from releasable, multilayer, 2D precursors and illustrative examples. (A) Schematic
illustration of the procedures for fabricating 3D multilayer mesostructures in silicon by layer-by-layer transfer printing. (B) Exploded view of the three pre-
cursor layers, FEA results that describe the formation of 3D trilayer nested cages in silicon, and corresponding SEM image (colorized) of the final configuration.
(C) Similar results for a 3D trilayer microstructure in epoxy that resembles a tree. (D to G) Multilayer 2D precursors, FEA predictions for the 3D mesostructures,
and corresponding SEM image for bilayer nested saddles of epoxy (D), bilayer nested boxes of silicon (E), bilayer nested membranes of silicon (F), and hybrid
trilayer nested cages of epoxy and silicon (G). (H and 1) Exploded view of the various precursor layers, FEA predictions for 3D mesostructures made of bilayers
consisting of copper (1 um) and polyethylene terephthalate (PET) (50 um), and corresponding optical images for a “Sydney Opera House” (H) and a four-layer
“tree” (). The color in the FEA results of (B) to (G) corresponds to the magnitude of maximum principal strain. Scale bars, 400 um (B to G) and 4 mm (H and ).
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Fig. 2. Experimental and computational studies of various multilayer structures with assisting features. (A) Multilayer 2D precursors, FEA predictions,
and experimental images (SEM or optical) of the partially and fully assembled 3D structures for eight designs formed with the use of biaxial prestrain in the
substrate. The first mesostructure is made of Pl (green), the second one is made of Pl (green) and copper/PI bilayers (orange), the third structure is made of
epoxy (SU8, yellow), the fourth and fifth mesostructures are made of copper/Pl bilayers, and the last three structures are made of plastic films. The red color in
the 2D precursors denotes the bonding sites, and the gray color denotes the creases with reduced thickness than the other regions. (B) Schematic illustration
and computed results for the folding angle and normal contact force as a function of prestrain for the 3D cube and pyramid in (A). (C) Multilayer 2D precursors,
the FEA prediction of the 3D structures made of bilayers consisting of copper (1 um) and PET (50 um), and the corresponding experimental image (optical) for
partially collapsed arrays of Dominoes with a straight path. (D) Similar results for partially collapsed arrays of Dominoes with a curved path. Scale bars, 600 um
[first five structures in (A)], 20 mm [last three structures in (A)], and 5 mm (C and D).
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polyhedral boxes, screens, and blooming flowers. The “screen” structure
forms through simultaneous local folding that arises from compression
of the bonding sites and global rotation due to the force imparted by
out-of-plane deformations of the base layer. The “blooming flower” has
six petals folded by the action of the closed, circular form serpentine
ribbons of the base layer. Other plastic multilayer structures that
form with the precursor designs in Fig. 2A (top five frames) appear
in fig. S5. The distributions of maximum principal strain in the 3D
structures with evident folding deformations are illustrated in fig. S6,
with magnified views to highlight the strain concentration nearby the
folding creases. These results indicate that the peak values of the max-
imum principal strains lie well below the fracture thresholds of the
materials, consistent with the experimental observations.

In all of the above examples, the mechanical interactions can be
tailored quantitatively, with the aid of FEA, to precisely control the fi-
nal 3D geometries. These interactions, mainly in the form of normal
contact forces, act directly or indirectly (via bending moments) to re-
shape the overlying layers. Figure 2B and fig. S7 illustrate the dependence
of the folding angle and contact force on prestrain for three represen-
tative examples. The folding angle increases monotonically with in-
creasing prestrain, until a close geometry forms. By contrast, the
contact force increases sharply and then decreases slightly with fur-
ther increases in the prestrain, as the contact point moves farther
away from the creases (nearby the bonding sites) at high prestrain.

Similar design concepts can be extended to form 3D shapes similar
to partially collapsed arrays of Dominoes, arranged in either straight
(Fig. 2C) or curved (Fig. 2D) paths. Here, a thick, crossing ribbon
(plastic, ~250 um) located at the base layer serves as the actuation
element, and 10 identical pads [Cu (1 um)/PET (50 pm) bilayer] with
flexible joints connected to bonding sites serve as the passive elements
for load transfer. Because of the relatively small bending stiffnesses
of the joint regions, the passive elements undergo folding deforma-
tions that can be transferred sequentially to adjacent pads. Simula-
tions indicate that the motion of the actuation element can be
transferred to a relative long distance (for example, more than three
times the length of a passive pad) for the design in Fig. 2C. For both
straight and curved transmission paths, the multilayer configurations
predicted by FEA agree with experiments, as shown in Fig. 2 (C and
D) and fig. S8.

3D multilayer mesostructures with entanglements

Another class of multilayer design involves interwoven multilayers
as the 2D precursors, thereby opening access to 3D mesostructures
with entangled topologies. These designs can be implemented using
photolithographic means or with the mechanical/laser cutting tech-
niques mentioned previously. A schematic illustration of the process
that uses mechanical cutting appears in Fig. 3A and fig. S94A, in which
the interwoven regions are realized by micromanipulation. In this de-
sign, the layer in green lies above the layer in blue at the center region
but below it in all of the other contacting areas. The resulting 3D
mesostructures follow from collective buckling of the two entan-
gled ribbons. The final configuration resembles a twisted knot, as
shown by the FEA results and SEM images in Fig. 3B. Figure 3C
and fig. S9B illustrate a ribbon network, where the green layer splits
the buckled waves into two subwaves. These structures could be in-
teresting as scaffolds for electrically or mechanically monitoring
and/or stimulating the growth of cells. Figure 3D and fig. SOC dem-
onstrate the use of an interwoven Kagome pattern consisting of two
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identical triangles as the 2D precursors. The final configuration has
sixfold symmetry and corresponds to entangled, wavy arcs connected
in a closed form. More sophisticated arrangements of the interwoven
layouts can involve kirigami membranes with strategically designed
cuts to serve as stitches for interweaving ribbon-shaped precursors.
An example of a 3D kirigami cube with two interwoven ribbons ap-
pears in Fig. 3E and fig. SOD. These multilayer configurations might,
for example, provide electromagnetic shielding for circuits formed
inside the box.

3D mesostructures with coherently coupled multilayers via
selective bonding

In the aforementioned designs, the 2D precursor layers involve negli-
gible (Fig. 1) or specifically engineered (Figs. 2 and 3) mechanical in-
teractions between one another but without any interlayer bonding.
Introduction of such bonding at defined locations can further expand
the design possibilities, as schematically illustrated in Fig. 4A. With
multilayer 2D precursors consisting of parallel straight ribbons as an
example, selective bonding enables a rich range of 3D topologies be-
yond those (fig. S10) possible without such bonding. For the case of
uniaxial prestrain, examples appear in Fig. 4B and fig. S11 for struc-
tures in copper/PET bilayers, plastic, and hybrid combinations. The
first and second columns (Fig. 4B) depict the multilayer 2D precursors
in top and cross-sectional views. The red areas highlight locations of
bonding either to the substrate or between layers. Corresponding 3D
FEA predictions and experimental results appear in the last two
columns. The first design consists of three precursor layers, in which
the blue, green, and dark blue layers have two, one, and zero ends
bonded to the substrate, respectively. The resulting 3D structure is dis-
tinct from that assembled from precursors without bonding. In the
next two designs, each precursor layer bonds to the substrate at least
at one end, thereby leading to 3D mesostructures with limited out-of-
plane displacements. The last three examples in Fig. 4B demonstrate
that large out-of-plane displacements can be realized by arranging
the different precursor layers in a manner similar to that of building
toy blocks. In particular, the multilayer structure in the fourth frame
of Fig. 4B involves ribbons that increase in length from the bottom
layer to the top. These structures, when constructed from piezoelectric
materials, might be relevant for broadband mechanical energy
harvesting.

Similar ideas implemented with biaxially prestrained substrates
provide further enhanced design flexibility, as demonstrated in Fig.
4C and fig. S12. The first example corresponds to a variant of the third
case in Fig. 4B, reorganized in a closed circular form. This copper/PET
3D structure consists of 15 curvy ribbons. The corresponding 2D pre-
cursors appear in fig. S12A. Adding more layers to this 3D structure
along the out-of-plane direction is also possible with appropriate
choice of the precursor layouts, as shown in fig. S12B and the second
structure of Fig. 4C. The last three examples in Fig. 4C illustrate 3D
structures supported by buckled membranes, whose 2D precursors are
in fig. S12 (C to E). The third and fourth structures adopt the same
2 x 2 array of kirigami circular membranes at the base layer, in
which the serpentine-shaped cuts induce rotational motions during
the buckling process (45). Introducing hybrid ribbon-membrane
patterns at the top layer leads to the formation of a twisted table
or unfolded pads from the top of buckled kirigami membranes. The
last structure in Fig. 4C is composed of cubic boxes with different sizes
at the base layer and a twisted kirigami membrane at the top.
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Fig. 3. Process of deterministic assembly of 3D structures from interwoven, multilayer, 2D precursors and illustrative examples. (A) Schematic
illustration of the procedures for fabricating 3D interwoven multilayer structures of Cu/PET or Cu/PI bilayers by mechanical cutting techniques. (B and C) FEA
predictions and SEM images of two multilayer mesostructures in bilayers of copper (9 um) and Pl (12 um) with interwoven configurations. (D and E) FEA predictions
and optical images of two multilayer structures in bilayers of copper (1 um) and PET (50 um) with interwoven configurations. Scale bars, 3 mm.

A 3D NFC device with enhanced Q factor and angular
operating range

The elastomeric substrate provides a straightforward means for con-
tinuous and reversible control of all of the 3D structures presented
previously. This capability can be important in various applications,
specifically in dynamically tunable 3D electromagnetic components.
A demonstration of a mechanically tunable NFC device constructed
with copper (9 um)/PI (12 um) bilayers, with SiO, encapsulation (1 um),
appears in Fig. 5. Schematic illustrations of the multilayer 2D precur-
sors are in Fig. 5A, along with the final 3D configuration that results
from the use of uniaxial prestrain (€,.opp1 = 70% and €, 5,1 = 0%).
The geometry corresponds to a variant of the first structure in Fig.
2A but with additional turns and optimized dimensions. FEA pre-
dictions and experimental results show good agreement (right frame
of Fig. 5A) for both the partially and fully assembled states. The lower-
layer ribbon and upper-layer spire are electrically connected at the
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center of the device. Figure 5B presents measurements and modeling
results for the Q factor and inductance at a frequency of 13.56 MHz as a
function of uniaxial strain (€,.,pp1) applied to the elastomeric substrate,
for two devices with different widths (w) in the supporting ribbon.
Although the inductance decreases slightly during the 2D-3D
transformation, the resistance decreases sharply (fig. S13A) because
of a relieved “proximity effect” in the 3D configuration, thereby lead-
ing to an enhancement in the Q factor. This result can also be under-
stood from the reduction in energy losses associated with decreased
coupling to the supporting metallic ribbon as the separation between
the two layers increases. Both experimental measurement and theoret-
ical modeling show these enhancements (~1.5 times for Wppon = 1.03 mm
and ~1.8 times for Wyjppon = 2 mm) of Q factor in 3D devices (€,qppl =
0%) over 2D counterparts (€,.qpp = 70%), as shown in Fig. 5B. To provide
further evidence of the underlying mechanism, the Q factors and induc-
tances of NFC devices with a wide range of supporting ribbons widths
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