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Complex 3D functional architectures 
are of widespread interest due to their 
potential applications in biomedical 
devices,[1–5] metamaterials,[6–10] energy 
storage and conversion platforms,[11–16] 
and electronics systems.[17–23] Although 
existing fabrication techniques such as 3D 
printing,[4,14,24–32] templated growth,[33–36] 
and controlled folding[2,37–43] can serve as 
powerful routes to diverse classes of 3D 
structures that address requirements in a 
number of interesting technologies, each 
has some set of limitations in materials 
compatibility, accessible feature sizes, 
and compatibility with well-developed 2D 
processing techniques used in the semi-
conductor and photonics industries.[44–46] 
Despite significant efforts in research 
and development, there remains a need 
for methods that provide access to com-
plex 3D mesostructures that incorporate 
high-performance materials.

Capabilities for controlled formation of sophisticated 3D micro/nanostructures 
in advanced materials have foundational implications across a broad range of 
fields. Recently developed methods use stress release in prestrained elasto-
meric substrates as a driving force for assembling 3D structures and functional 
microdevices from 2D precursors. A limitation of this approach is that releasing 
these structures from their substrate returns them to their original 2D layouts 
due to the elastic recovery of the constituent materials. Here, a concept in which 
shape memory polymers serve as a means to achieve freestanding 3D architec-
tures from the same basic approach is introduced, with demonstrated ability to 
realize lateral dimensions, characteristic feature sizes, and thicknesses as small 
as ≈500, 10, and 5 µm simultaneously, and the potential to scale to much larger 
or smaller dimensions. Wireless electronic devices illustrate the capacity to 
integrate other materials and functional components into these 3D frameworks. 
Quantitative mechanics modeling and experimental measurements illustrate 
not only shape fixation but also capabilities that allow for structure recovery and 
shape programmability, as a form of 4D structural control. These ideas provide 
opportunities in fields ranging from micro-electromechanical systems and 
microrobotics, to smart intravascular stents, tissue scaffolds, and many others.
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A collection of recent publications reports schemes that 
exploit compressive buckling as a means for assembly of com-
plex 3D functional devices in a diversity of configurations 
and with a broad range of material compositions, including 
critical dimensions that span nanometer to centimeter length 
scales.[47–51] Here, relaxation of a prestrained elastomer sub-
strate, as an assembly platform, imposes stresses on a 2D 
precursor structure to transform its geometry into a desired 3D 
shape. With a few exceptions,[52,53] deformations of the micro/
nanomaterials in the precursor remain in the elastic range, 
partly to avoid damage or alterations in the properties of the 
constituent materials and partly to facilitate reproducibility in 
the transformation process and alignment with quantitative 
mechanics modeling of the process. A key disadvantage of oper-
ation in this elastic regime is that it frustrates the realization of 
freestanding 3D mesostructures, simply because they return to 
their original 2D shapes when released from the assembly plat-
form. This feature sets limitations on practical applications for 
3D systems in isolated forms (e.g., microrobotics) or in those 
that demand operation under conditions (e.g., elevated temper-
atures or precise dimensional stability) that are incompatible 
with the elastomer substrate. Recently reported approaches to 
address this problem rely on interfacial photopolymerization to 
form stable supporting platforms for the 3D structures or on 
nonlinear elastoplastic deformations in the constituent mate-
rials.[36] The resulting structures, however, are either confined 
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to a base or they suffer from poor dimensional control due to a 
certain degree of recovery resulting from the elastic component 
of the deformations. The development of a robust, versatile 
technique to enable fully freestanding complex 3D mesostruc-
tures without such drawbacks remains a challenge.

The following reports a strategy that utilizes the shape fixa-
tion and memory effects associated with shape memory poly-
mers (SMPs) to 1) enable freestanding 3D mesostructures 
and functional devices formed by compressive buckling in the 
elastic regime, 2) impart them with an ability to recover from 
severe deformations, and 3) change shape in a programmable 
fashion. The scheme begins with geometric transformation of 
2D precursors formed in an SMP, with or without integrated 
functional materials, into 3D mesostructures using procedures 
similar to those described previously. Heating the resulting 3D 
mesostructures to temperatures above the glass transition tem-
perature (Ttrans) of the SMP followed by cooling to room tem-
perature fixes the 3D shape, in a way that allows release from 
the assembly platform with no measurable change in geometry. 
This technique provides easy access to a broad range of 3D 
structures in SMPs with thicknesses in the micrometer range, 
and lateral sizes spanning microscale to centimeter scales, with 
features that would be difficult or impossible to reproduce using 
other methods. Integrating functional materials and electronic 
components onto the 2D precursor structures can result in free-
standing 3D functional devices, as demonstrated in wirelessly 
controlled, battery-free light emitting systems. The capabilities 
introduced here provide unique opportunities for unusual appli-
cations in soft robotics, flexible electronics, medical devices, 
micro-electromechanical systems, and many others.

Figure   1a shows a schematic illustration of the process for 
forming 3D mesostructures in SMPs. The scheme begins with 
the microfabrication of a 2D pattern in a thin film of SMP made 
from a mixture of epoxy monomer (E44; China Petrochemical 
Corporation) and curing agent (D230; Sigma-Aldrich) spin cast on 
a planar substrate. A lithographically patterned metal layer serves 
as a hard mask for oxygen plasma etching of the SMP. Transfer of 
such a 2D SMP structure involves removal of an underlying sac-
rificial layer and retrieval onto the surface of a water-soluble tape 
(polyvinyl alcohol; 3M Co.). A thin layer of Ti (5  nm) and SiO2 
(50 nm) deposited at certain locations on the SMP by use of a flex-
ible shadow mask (75 µm thick film of polyimide) define locations 
(bonding sites; red parts in Figure  1a) that yield surface hydroxyl 
termination after exposure to ozone. Transfer onto a prestrained 
silicone elastomer substrate (Dragon Skin; Smooth-On, Easton, 
PA), also functionalized with surface hydroxyl groups by blanket 
exposure to ozone, leads to strong, spatially selective bonding due 
to covalent linkages that result from interfacial condensation reac-
tions, only at the locations of the Ti/SiO2. At all other locations, 
comparatively weak van der Waals forces dominate the interfacial 
interactions. Releasing the prestrain in the elastomer allows it to 
return to its original shape, thereby inducing large compressive 
forces on the 2D SMP structure at the bonding sites and forma-
tion of a corresponding 3D architecture by mechanical buckling. 
Macroscale 3D structures described here rely on a 3D printer 
(Object 260VS, Stratasys) to generate 2D patterns of a UV-cur-
able SMP ink (Veroblue, Stratasys) with thicknesses of 100 µm.  
The processes for 2D to 3D geometrical transformation are the 
same as those described above.
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Figure   1b presents a collection of experimental results and 
predictions using 3D finite-element analysis (FEA) for various 
cases (10 µm thick for structures A–F, 5 µm thick for structures 
G and H, and 100 µm thick for structures I and J). A rich range 
of 3D configurations are possible, including those illustrated 
here that resemble an octopus, butterfly, stadium, treasure 
box, closed-loop circular helix, and double floor helix. The 
thicknesses, critical feature sizes, and overall dimensions are as 
small as 5, 10, 500 µm, but they are extendable to even smaller 
length scales that lie outside of the limits of many alternative 

methods in 3D microfabrication of SMP structures.[54,55] An 
important point is that the steps for preparing the 2D precur-
sors are fully compatible with the most advanced techniques in 
2D micro/nanofabrication. A consequence, for example, is the 
ability to include nano/microscale patterns into the 3D SMP 
mesostructures. Structure D in Figure   1b shows an array of 
holes (≈10  µm in depth and ≈10  µm in diameter) distributed 
across the area of a 2D precursor, yielding a “holey” 3D archi-
tecture after assembly. Furthermore, introducing patterns 
of cuts into the 2D precursors yields 3D SMP structures that 
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Figure 1.  3D shape memory polymer (SMP) mesostructures formed by mechanically guided assembly. a) Schematic illustration of the fabrication 
process for 3D SMP mesostructures via photolithography and compressive buckling. b) Experimental (SEM/optical) images and corresponding results 
of finite-element analysis for various 3D SMP mesostructures. Scale bars, 200 µm for structures A–H, and 5 mm for structures I and J.
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incorporate ideas in kirigami (structure I). In all cases, quantita-
tive mechanics modeling by FEA (see the Experimental Section 
for details) precisely captures the deformations of the 2D-to-3D 
transformation process, as evidenced by good agreement with 
experimental results (Figure 1b). As described subsequently, 
the SMP materials can serve as supports for functional mate-
rials and even fully formed device components, as routes to 3D 
integrated systems.

SMPs can actively change from their original (permanent) 
shape to a deformed (temporary) shape by mechanical loading 
and subsequent fixation of the resulting deformation.[56,57] Expo-
sure to external stimuli, such as heat,[58,59] light,[60] and pH,[61] 
leads to recovery of the original shapes. The microscale mecha-
nism of this shape fixity and recovery relates to a system of net-
points consisting of physical or chemical bonds, and connecting 
chain segments that switch their flexibility and mobility upon 
exposure to external stimuli (e.g., heat) as mentioned above. In a 
typical shape memory cycle, heating above the glass temperature 
of the chain segments (Ttrans) enables their high flexibility and 
mobility (Figure S1, Supporting Information), which is followed 
by deformation via an external force. Cooling to below Ttrans 
“locks” the chains in place in a high-energy state. When the tem-
perature increases above Ttrans, the chains regain mobility and 
return to their original maximum entropy state, corresponding 
to the relaxed macroscopic shape. In this work, the glass transi-
tion temperatures are ≈57 and ≈64 °C for SMP films used in the 
micro- and macroscale 3D architectures, respectively, as shown 
by the results of dynamic mechanical analysis (DMA) testing 
in Figure S2 in the Supporting Information. Below Ttrans, e.g., 
at room temperature (25  °C) SMP has a storage modulus of 
≈3 GPa, on the same order of those of commonly used polymers, 
such as polyimide and SU8. Above Ttrans, SMP becomes very soft 
and highly stretchable, with a storage modulus of ≈10 MPa. In 
this work, the shape fixity of SMPs serves as a technique for the 
realization of freestanding 3D architectures and electronics, as 
well as other capabilities described subsequently.

Figure   2 demonstrates that the shape fixing effect of SMPs 
allows access to fully freestanding 3D mesostructures. As sche-
matically shown in Figure  2a, a full cycle of heating and cooling 
across Ttrans fixes the assembled 3D SMP shapes such that 
release from the assembly platform by eliminating an under-
lying sacrificial layer releases the structure without altering its 
3D shape. Specifically, the heating and cooling occur in an oven 
set to 70  °C for 1 min and under ambient conditions (25  °C), 
respectively. The sacrificial layer consists of a film of magne-
sium (Mg, 200 nm in thickness) formed at the bonding sites in 
the 2D precursor stage of the process, and removed by immer-
sion in water in the 3D mesostructured stage. Figure   2b and 
Figure S3 in the Supporting Information show various free-
standing 3D SMP structures (10 µm in thickness for structures 
A–C, E, and F, and 100  µm in thickness for structures D, G, 
and H), each held at one of the bonding sites by an atomic force 
microscope (AFM) tip. Illustrative examples include flowers, 
baskets, and others. Due to the freezing of SMP chain seg-
ments at the microscale, these freestanding mesostructures 
maintain their 3D configurations, as qualitatively studied and 
quantitatively characterized in this work. A comparison of the 
optical images of 3D SMP structures on a substrate and in a 
freestanding state (structures E–H in Figure  2b) demonstrates 

that there is no obvious shape recovery of 3D SMP architectures 
after the release from the assembly platform. To quantify the 
shape recovery, the overall lateral dimensions of the 3D struc-
ture, i.e., the distance between two bonding sites with the 
largest lateral separation, before and after the release from the 
substrate are defined as L0 and L1, respectively, as schemati-
cally shown in Figure   2a. L0 and L1 are 1.733 and 1.727 mm, 
respectively, for structure E in Figure  2b. Table S1 (Supporting 
Information) shows measured and calculated L0 and L1 for three  
additional structures F, G, and H. Here, a multibranch visco
elastic model is adopted to capture the shape fixing and recovery 
properties of SMP, whose parameters are fitted by the DMA test 
(Figure S2, and Tables S2 and S3, Supporting Information). To 
quantify the shape fixation of a freestanding 3D SMP architec-
ture, the shape storage ratio is defined as follows

1 100%s
1 0

0

ε = −
−

×
L L

L �

The shape storage ratios are determined to be 99.65%, 100%, 
98.85%, and 98.69% for structures E, F, G, and H, which agree 
reasonably well with the calculated results (99.56%, 99.17%, 
98.6%, and 99.12%, respectively). Such small/no change in the 
lateral size of the 3D structure before and after the release from 
the substrate highlights the fidelity of the process. The paral-
lelism of the overall approach allows fabrication of many free-
standing structures from a single assembly platform in a single 
set of processing steps, as shown in Figure  2d.

Integrating functional materials and components onto the 
2D SMP precursors provides immediate access to freestanding 
3D functional devices, as shown for the case of wirelessly 
powered light emitting systems in Figure   3. The fabrication 
begins with spin-coating films of SMPs (20  µm in thickness) 
on copper foils (18 µm in thickness), followed by photolitho-
graphic patterning and wet etching of the copper to define coil 
antennas and interconnects for light-emitting diodes (LEDs) 
and capacitors (Figure   3a). Laser cutting defines patterns in 
the SMP film, as the supporting and shape fixing layer. For-
mation of freestanding 3D architectures from these 2D func-
tional precursors follows the 3D buckling and shape fixation 
schemes introduced earlier. Positioning these devices inside an 
external loop antenna with applied radio frequency power at a 
frequency of 13.56 MHz leads to power transfer to activate the 
LEDs. Figure   3b shows the inductance and Q factor obtained 
by electromagnetic simulation for the coil, which has a diam-
eter of 7 mm. A capacitor of 39 pF enables impedance matching 
at 13.56  MHz. The relative high Q factor (≈27 at 13.56  MHz) 
ensures high efficiency in power transfer. The scattering para
meter S11 (≈22 dB) shown in Figure  3c indicates a low return 
loss in this system. Figure   3d provides some experimental 
demonstrations. Devices A (7 mm diameter antenna) and B–D 
(8 mm diameter antennas; Figure S4, Supporting Information) 
in Figure   3d include single and multiple LEDs. These simple 
examples suggest a broad range of possibilities in other types 
of electronic and optoelectronic devices. Furthermore, we have 
qualitatively and quantitatively investigated the mechanical 
stability of the fabricated freestanding electronics and structures 
(Figure   3e; Figure S5 and Videos S1–S5, Supporting Informa-
tion). Three freestanding 3D structures and one freestanding 
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3D electronic device are deformed along the out-of-plane direc-
tion, using a tweezer under room temperature. After removing 
the external force, the 3D structure and electronic device recover 
their original shapes without any noticeable damage, indicating 
a level of mechanical robustness that might be necessary for 
many applications. The thermal effect from the operation of 3D 
electronics can be evaluated by monitoring the temperature and 
shape change under operation conditions. Results show that the 
device maintains a nearly constant temperature for an operation 
period of 2 h without any shape change (Figure  3f; Figure S6, 

Supporting Information). The techniques reported here can be 
applied to other SMPs with a broad range of Ttrans, suggesting a 
wide scope of potential applications,[62–66] including those that 
require operation at elevated temperatures.

In addition to freestanding 3D architectures and electronic 
devices, another important attribute that follows from the use 
of SMPs is in shape recovery. Figure   4a and Figure S7 in the 
Supporting Information show experimental and FEA results 
for a complete shape memory cycle for three different 3D SMP 
architectures. While heated to temperatures above Ttrans (57 °C) 

Adv. Mater. 2019, 31, 1805615

Figure 2.  Freestanding 3D mesostructures enabled by the shape fixity characteristics of SMPs. a) Schematic illustration of the fabrication process 
of freestanding 3D SMP mesostructures. b) Optical images and FEA results of various freestanding 3D mesostructures. Scale bars, 500  µm for 
structures A–C and E–F, and 5  mm for structures D, G, and H. c) Experimental and FEA results of the shape storage ratios for four different  
3D mesostructures. d) Optical images of piled freestanding 3D mesostructures. Scale bars, 1 mm, 500 µm, and 200 µm from left to right.
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with a soldering gun, localized forces delivered with a three-
axis stage (Thorlabs, Inc., Newton, NJ) deform the 3D struc-
ture into two different temporary shapes (mode I and mode II). 
Cooling to room temperature while maintaining the applied 
force fixes the temporary shapes. Figure   4a shows complete 
shape recovery by heating the deformed 3D SMP structures to 
temperatures above 57  °C for a few seconds. The rapid speed 
and the fidelity of the recovery process are consistent with a 
well-behaved shape memory effect in these materials. A viscoe-
lastic model based on FEA enables quantitative modeling of the 
entire process. The color in the FEA results (Figure  4a) denotes 
the distribution of maximum principal strains in the SMPs. 
The peak strain values during deformations under T  > Ttrans 
remain well below the corresponding fracture thresholds (a few 
hundreds of percent) of the SMP,[66] thereby ensuring structural 
integrity. In addition, we have qualitatively and quantitatively 
investigated the reproducibility of shape recovery in thermal 

cycles (Figure S8, Supporting Information). The results show 
that the shape recovery of the fabricated 3D structures is highly 
reproducible after a number of thermal cycles. The shape 
reprogrammable feature can expand the range of accessible 
3D geometries beyond those possible by compressive buckling 
directly via controlled mechanical loading.

In addition to control of the ambient environment, illumi-
nating an absorbing SMP with light can induce the necessary 
increases in temperature.[67] Optical absorption can be enhanced 
by the addition of conductive fillers, such as ceramics, carbon 
black, and nanoparticles.[68–70] Results presented here use coat-
ings of gold (Au) nanoparticles with plasmonic absorption 
resonances in the near-infrared region of the visible spectrum  
(808  nm, Nanopartz Inc., Loveland, CO, USA) applied to the 
2D SMP precursors (Figure S9, Supporting Information; 
Figure   4b).[47] Deformation of the resulting 3D architectures 
occurs via forces applied with a three-axis stage at a temperature  

Adv. Mater. 2019, 31, 1805615

Figure 3.  Freestanding 3D electronics. a) Schematic illustration of the multilayer 2D precursor in an explosive view, including the SMP support, coil 
antenna, capacitor, and LEDs. b,c) Computational modeling of the inductance, Q factor, and S11 characteristics of the coil antenna. d) Freestanding 
3D electronics with microscale LEDs, capacitor, and coil antenna integrated with SMP structures. When the freestanding 3D structures are positioned 
inside an external loop antenna, LEDs are turned on due to near field communication (NFC) between the coil antenna and the external loop antenna. 
Scale bars, 2 mm. e) Optical images showing freestanding 3D electronic device before deformation, being deformed and after load removal. Scale bars, 
2 mm. f) Temperature curves of four representative locations at a freestanding electronic device as a function of operation time.
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above Ttrans. The deformed 3D architecture recovers its original 
shape after exposure to a laser (808 nm, 300 mW, Biglasers com-
pany, Monroe, NY) for a few seconds. An additional capability 
associated with this approach follows from coating the nano-
particles selectively on different parts of a 3D mesostructure  
(Figure  4b) or selectively illuminating certain regions for sequential 
shape recovery. Figure  4c shows the temperature of this structure  
measured with an infrared camera as a function of laser exposure 
time. Due to the ultrathin geometry, the temperature is, to a good 
approximation, uniform through the thickness (Figure S10, Sup-
porting Information). The temperature of the SMP film (15 µm) 
increases from room temperature (25  °C) to Ttrans (57  °C) after 
exposure to laser light for only two to three seconds. Under 
light illumination, the deformed 3D structure recovers its orig-
inal shape quickly (Figure S11, Supporting Information). Here, 
the experimentally measured temperature as a function of time 
serves as an input for computational modeling. The results allow 
for shapes that include the combined effects of 3D assembly 
and local deformation/recovery. The additional design versatility 
has important applications in actuators, microrobotics, and  
minimally invasive biomedical devices.

As described here, combining the shape fixation charac-
teristics of SMP with mechanically guided approaches to 3D 
structure formation yields an attractive scheme to manufacturing 
of freestanding 3D architectures and functional devices across 
length scales from micrometers to centimeters. Demonstrations 
include a diversity of freestanding 3D mesostructures, such as 
those that resemble the flower, basket, and helix. The integra-
tion of electronic components to SMPs provides access to free-
standing 3D functional devices, as demonstrated in wirelessly 
powered LEDs integrated with 3D architectures. Shape recovery 

and shape programmability represent two additional capabilities 
that follow from this same overall scheme. These results create 
unusual routes to freestanding 3D mesostructures and program-
mable microdevices for potential applications that cannot be 
addressed using other approaches. Furthermore, the technique 
applies to other SMP materials with a broad range of glass transi-
tion temperatures for a wide scope of applications.

Experimental Section
SMP Synthesis and 3D SMP Structure Assembly: Epoxy monomer 

E44 (molecular weight ≈450  g mol−1) and curing agent poly(propylene 
glycol) bis(2-aminopropyl)ether (Jeffamine D230), purchased from 
China Petrochemical Corporation and Sigma-Aldrich, respectively, were 
used as received without purification. Preparation of 3D SMP structures 
began with the spin coating of a thin sacrificial layer of water-soluble 
polymer (poly(4-styrenesulfonic acid), Sigma-Aldrich) onto a silicon 
wafer, followed by spin coating a mixture of E44 and D230 with a mass 
ratio of 44:23. The intrinsic material properties of SMPs, including their 
mechanical characteristics, can be adjusted by selection of molecular 
parameters, such as the type of monomer or the comonomer ratio. 
Curing the SMP samples occurred at 110 °C in a furnace for 1 h. A thin 
layer of chromium (Cr, 10 nm) and gold (Au, 50 nm) deposited on the 
SMP by electron beam evaporation and patterned by photolithography 
and wet etching served as a hard mask for oxygen plasma etching of the 
SMP. Immersion in water partially dissolved the underlying water-soluble 
layer, thereby releasing the entire structure from the silicon wafer. A soft 
silicone elastomer substrate (Dragon Skin; Smooth-On, Easton, PA) 
stretched and then exposed to ozone served as an assembly platform. 
Transfer printing of the 2D precursor after selective deposition of a thin 
layer of Ti (5 nm) and SiO2 (50 nm) onto targeted sites of its back surface 
led to strong adhesion only at the bonding sites. Allowing the substrate to 
return to its original shape led to buckling and geometry transformation 

Adv. Mater. 2019, 31, 1805615

Figure 4.  Actuation of 3D SMP mesostructures. a) SEM images and FEA results on a shape memory cycle of a 3D SMP mesostructure. Scale bars, 
400 µm. b) Optical images, FEA results, and schematic illustration on the sequential actuation of a 3D SMP mesostructure via selectively coating gold 
nanoparticles on the 3D structure followed by laser heating. Scale bars, 1 mm. c) Experimental and FEA results of the temperature of nanoparticle-coated 
SMPs as a function of laser exposure time.
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to the targeted 3D shape. The preparation of macroscale 3D architectures 
began with the fabrication of 2D precursors in Veroblue with a 3D printer 
(Object 260VS, Stratasys) into desired patterns, followed by transfer 
onto a prestretched silicone substrate (2  mm in thickness, Dragon 
Skin, Smooth-On). A commercial adhesive (Super Glue, Gorilla Glue 
Company) yielded strong mechanical bonds at desired locations after 
curing at room temperature for several minutes. Slowly releasing the 
prestretched elastomer substrate initiated the 3D assembly process.

Actuation of 3D SMP Structures: Thermally induced actuation relied 
on heating to ≈70 °C with a soldering gun and then applying forces at 
this temperature with a three-axis stage (Thorlabs Inc.). Maintaining 
these forces during cooling to room temperature retained the deformed 
shapes. Recovery to the original shapes followed from heating due to the 
shape memory effect. Light-induced actuation used 2D patterns of SMP 
films (20 µm thick) coated with Au nanoparticles (808 nm wavelength 
for resonant absorption, Nanopartz Inc.). After the deformation as 
previously discussed, exposure to infrared laser light (808 nm, 300 mW, 
Biglasers company) led to shape recovery.

Freestanding 3D SMPs: A thin layer of magnesium (Mg; 200  nm) 
deposited by electron beam evaporation served as a sacrificial layer 
between the SMP and Ti/SiO2 layer at the bonding sites. After formation, 
3D structures attached to the elastomer substrate were heated to 70 °C 
for 1 min in an oven. Cooling to room temperature fixed the 3D shape 
such that immersion in water dissolved the Mg layer and released 
freestanding 3D structures.

Freestanding 3D Electronics: The fabrication of freestanding 3D 
electronic systems began with spin-coating films of SMPs onto 18  µm 
thick Cu foils. Spin casting and photolithographic patterning of a 
photoresist (AZ5214, 1.6 µm in thickness) yielded a mask for wet etching 
(CE-100 etchant, Transene, etchant rate ≈1 µm min−1) of the copper foil 
to define Cu traces for coil antennas and interconnects to electronic 
components. Laser cutting defined patterns in the SMPs. Placing LEDs 
and capacitors at selectively defined locations on the 2D patterns with 
conductive epoxy (Allied Electronics Corp., Fort Worth, TX) completed 
the integration of electronics with SMPs in the 2D format. The integrated 
SMP/electronics were assembled into 3D architectures with the 
mechanics-guided assembly technique previously introduced. The shape 
fixing effect of SMPs allowed access to freestanding 3D electronics.

Finite-Element Analysis: Simulations of the postbuckling processes 
used finite-element analysis software (ABAQUS) to determine the final 
3D configurations through mechanically guided assembly. Eight-node 
3D solid elements (C3D8R) and four-node shell elements (S4R) were 
used for the silicone substrate and 2D precursors, respectively. Refined 
meshes were adopted to ensure the accuracy. The elastic modulus (E) 
and Poisson’s ratio (υ) are Esubstrate  = 166  kPa and υsubstrate  = 0.49 for 
the substrate, and ECu = 119 GPa and υCu = 0.34 for copper (Cu). For the 
SMP used in this study, a multibranch viscoelastic model[54,71] captured 
the thermo-viscoelastic and shape memory behaviors, with parameters 
provided in Tables S2 and S3 (Supporting Information).

Electromagnetic Simulations: Electromagnetic simulations based 
on the finite-element method defined the inductance, Q factor, 
and scattering parameter S11 (for 8  mm and 7  mm diameter loop 
antennas matching with 47 and 39  pF capacitors, respectively) of the 
RF system. The simulations were performed using the commercial 
software ANSYS HFSS, where the lumped port was used to obtain the 
scattering parameter S11 and port impendence Z. The LEDs (with 400 
Ω resistance) were modeled through the lumped RLC boundaries in 
the numerical simulations. The adaptive mesh (tetrahedron elements) 
was adopted to ensure computational accuracy. The inductance (L) and 
Q factor (Q) (as shown in Figure   4 and Figure S4 in the Supporting 
Information) were obtained from the real and imaginary parts of the Z, 
and the working frequency, respectively.

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