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Customizable, conformal, and stretchable  
3D electronics via predistorted pattern generation 
and thermoforming
Jungrak Choi1, Chankyu Han1, Seokjoo Cho1, Kyuyoung Kim1, Junseong Ahn1,2, Dionisio Del Orbe1, 
Incheol Cho1, Zhi-Jun Zhao2, Yong Suk Oh1, Hyunsoo Hong1, Seong Su Kim1, Inkyu Park1,3*

Recently, three-dimensional electronics (3DE) is attracting huge interest owing to the increasing demands for 
seamless integration of electronic systems on 3D curvilinear surfaces. However, it is still challenging to fabricate 
3DE with high customizability, conformability, and stretchability. Here, we present a fabrication method of 3DE 
based on predistorted pattern generation and thermoforming. Through this method, custom-designed 3DE is 
fabricated through the thermoforming process. The fabricated 3DE has high 3D conformability because the 
thermoforming process enables the complete replication of both the overall shape and the surface texture of the 
3D mold. Furthermore, the usage of thermoplastic elastomer and a liquid metal–based conductive electrode allows 
for high thermoformability during the device fabrication as well as high stretchability during the device operation. 
We believe that this technology can enable a wide range of new functionalities and multiscale 3D morphologies 
in wearable electronics.

INTRODUCTION
Three-dimensional electronics (3DE) with high customizability, 
3D conformability, and stretchability is becoming an important key 
factor toward state-of-the-art wearable electronics. This is because 
of the increasing demands for seamless integration of electronic 
systems on 3D deformable curvilinear surfaces (e.g., human body–
monitoring system, automotive system, and appliances) and for 
flexible fabrication processes that satisfy the users’ diverse design 
needs (e.g., biomedical sensor, wearable sensor, and 3D printed sensor) 
(1). While 2D film-based flexible electronics can be deformed and 
attached onto curved surfaces (2–5), it is still challenging to confor-
mally attach them onto the complicated and irregular 3D surfaces 
with both convex and concave shapes with various curvature radii. 
From this premise, processes for the direct fabrication of 3DE with 
high customizability, 3D conformability, and stretchability onto any 
complicated surface are in high demand. Recently, a variety of fab-
rication methods such as 3D printing (6–9), laser direct structuring 
(10, 11), spraying (12), hydrographic printing (13–15), and thermo-
forming (16–19) have been used to fabricate 3DE. Among these 
fabrication methods, thermoforming, a manufacturing method that 
uses the thermoplastic deformation of a plastic film onto a specific 
3D-shaped mold, has ample advantages such as low fabrication cost, 
large area scalability, and quick prototyping capability.

Previously, Schüller et al. (20) and Zhang et al. (21) successfully 
demonstrated 3D color image transfer, whereby, an originally de-
signed 3D image is distorted into a 2D image and then finally trans-
ferred to the target 3D surface through the thermoforming process. 
After that, Ting et al. (19) introduced the method of generating 3DE 
based on thermoforming (referred to as “in-mold electronics”). 

Although this research showed that thermoforming has a great 
potential for fabricating 3DE, it is still challenging to apply their 
technologies to fabricate 3DE with high customizability, 3D con-
formability, and stretchability. First, the conductive silver ink (ME603, 
DuPont, USA) that they used as a thermoformable conductor is only 
stretchable up to 35% of thermoplastic deformation, which prevents 
its application on circuit pattern areas with local strains of more 
than 35% during the thermoforming process. Thus, this method has 
low fabrication degrees of freedom. Furthermore, the fabricated 3DE 
using this method cannot be applied to wearable electronics because 
of the nonstretchability of the conductive silver ink and the rigid 
substrate after the thermoforming process. Second, this method 
contains several iterative processes and calibration steps, which 
increase fabrication complexity. For these reasons, appropriate 
stretchability of the film and the electrode and a thermoforming 
simulation based on thermomechanical properties are needed to 
achieve the fabrication of highly customizable, conformal, stretch-
able 3DE. However, to the best of our knowledge, there has not 
been any research reporting any 3DE fabrication process that meets 
these requirements, as shown in table S1.

We therefore propose a fabrication method of 3DE based on 
predistorted pattern generation and the thermoforming process 
(hereinafter referred to as “PGT3DE”), with a thermoplastic elastomer 
and a liquid metal–based conductive electrode. To overcome the 
limitations of the previously developed thermoforming process, we 
applied a highly stretchable thermoplastic elastomer–based substrate 
such as styrene-ethylene-butylene-styrene (SEBS) and a stretchable 
conductive electrode such as eutectic gallium-indium–based liquid 
metal mixed with copper microparticles (EGaIn-CP) with thermo-
mechanical property–based 3DE fabrication process. Compared to 
the rigid thermoplastic material such as polyethylene terephthalate 
glycol used in previous research, SEBS is a soft thermoplastic elastomer 
with both elastic and plastic properties, which makes thermoforming 
process more intricate. In detail, the previous process of 3DE design 
(iterative processes) with the calibration sheet cannot be applied to 
SEBS-based 3DE fabrication. The deformation of the SEBS film is 
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affected by the attached calibration sheet because the calibration 
sheet has higher modulus than the SEBS film. On the other hand, 
we conducted thermomechanical property–based simulation to ob-
tain the desired 3DE, which can be applied to various 3D shapes 
without the calibration sheet. Furthermore, the EGaIn-CP electrodes 
do not affect the deformation of the SEBS film and can maintain 
high conductivity during the thermoforming process. From this, the 
PGT3DE has high accuracy and high fabrication degrees of freedom 
for designing and fabricating the 3DEs. The basic mechanism of the 
PGT3DE is presented in Fig. 1A, and it is summarized as follows: 
The 3DE can be fabricated using the finite element method (FEM) 
for thermoforming simulation and a predistorted pattern generation 
method. For thermoforming FEM simulation, thermomechanical 
properties of the thermoplastic elastomer film are measured. There-
fore, the designed 3DE can be converted into a predistorted 2D 

pattern using the FEM simulation and then precisely transformed 
to the desired 3D shape via the thermoforming process. Here, the 
3DE has high 3D conformability because the thermoforming pro-
cess enables complete replication of both the overall shape and the 
surface texture of the 3D mold compared to other existing fabrica-
tion methods for the 3D-shaped electronics such as 3D printing, laser 
direct structuring, spraying, and hydrographic printing. Furthermore, 
the PGT3DE allows for high thermoformability during the device 
fabrication and high stretchability during the device operation owing 
to the use of a highly stretchable thermoplastic elastomer–based 
substrate such as SEBS and a stretchable conductive electrode such 
as EGaIn-CP. Regarding thermoformability and stretchability, SEBS 
substrate can undergo thermoplastic deformation of up to 100% 
during the thermoforming process for the device fabrication and also 
has a large elastic range up to 600% (when stretched) during device 
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Fig. 1. Overview of the fabrication method of 3DE based on predistorted pattern generation and thermoforming process (referred to as PGT3DE) featuring high 
customizability, conformability, and stretchability. (A) Basic mechanism of the PGT3DE. 3DE can be fabricated using thermoforming simulation and the predistorted 
pattern generation method. (B) Schematic cross-sectional illustration of fabricated 3DE based on PGT3DE. (C and D) Designed 3D circuit model (C) and fabricated 3DE (D) 
[(i) top view and (ii and iii) bird’s eye view without the 3D mold (ii) and with the 3D mold (iii)]. (E) 3D conformal property of the thermoformed SEBS film with a microscope 
image of thermoformed SEBS film (i) and 3D mold (ii). (F) Electrical stability under various deformations; the 3DE is robust under stretching (ii), twisting (iii), and folding 
(iv) deformations without electrical disconnection. (G) Ear-shaped 3DE. The LEDs in the 3DE are well lit because of the successful electrical interconnection. Photo credit: 
Jungrak Choi, Korea Advanced Institute of Science and Technology (KAIST).
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operation of the 3DE. In addition, the EGaIn-CP electrode embedded 
in the SEBS substrate maintains high electrical conductivity during 
fabrication and operation of the device. Using the PGT3DE, we 
demonstrated practical applications such as a 3D wearable touch 
sensor and a speaker with 3D geometries. Furthermore, we applied 
PGT3DE to demonstrate a wireless battery-free 3D system, which 
can be combined with sensors, for showing its potential usage in 
various IoT (internet of things) applications. We envision that the 
demands for new customizable, 3D conformal, and stretchable 3DE 
will explode in numerous industrial sectors such as biomedical, 
robotics, health care, and entertainment industries in the near future. 
We believe that the PGT3DE can enable a wide range of new func-
tionalities in 3DE and could be an innovative and efficient solution 
to the design and fabrication of 3DE.

RESULTS
Overview of PGT3DE featuring high customizability,  
3D conformability, and stretchability
Figure 1 shows an overview of PGT3DE. Structurally, 3D circuit 
models with arbitrary 3D surfaces can be designed. For example, a 
3D electronic circuit with three light-emitting diodes (LEDs) on the 
mountaintops and their interconnection via EGaIn-CP electrodes is 
made as presented in Fig. 1C. The 2D schematic cross-sectional 
illustration of fabricated 3DE based on PGT3DE is shown in Fig. 1B, 
and the designed 3D circuit model of the 3DE and the 3D mold are 
shown in Fig. 1C. On the basis of this 3D circuit model, the 3DE is 
fabricated using a combination of 3D modeling, FEM simulation, 

and predistorted pattern generation technique (Fig. 1D). Three LEDs 
on the 3D surface are lit brightly, enabled by the good electrical con-
nection formed between the LEDs and the EGaIn-CP electrodes on 
the 3D surface. Regarding the 3D conformability of the 3DE, the 
thermoforming process enables the complete replication of both 
the overall shape and the surface texture of the 3D mold with both 
convex and concave shapes with various curvature radii (Fig. 1E 
and fig. S1). The inner surface of the thermoformed SEBS film has a 
conformal contact with the 3D mold surface by forming the reverse 
texture of the mold. Regarding the stretchability of the 3DE, SEBS as 
a highly stretchable thermoplastic elastomer substrate and EGaIn-CP, 
as a stretchable electrode material, enable the 3DE to be reliable under 
stretching, twisting, and folding deformations without electrical 
disconnection (Fig. 1F and movie S1). Using the PGT3DE, other 
complicated shapes such as ear-shaped 3DE with many convex and 
concave topologies can be fabricated as shown in Fig. 1G. In this 
figure, successful electrical interconnection on the complex 3D sur-
face can be verified by the well-lit LED.

Fabrication process of PGT3DE
The 3DE based on PGT3DE is produced by following the steps 
illustrated in Fig. 2. Overall, the process is divided into two parts. 
In the first part (Fig. 2, A to C), the predistorted 2D pattern is gen-
erated using an FEM simulation and 3D modeling of the designed 
3DE. In the second part (Fig. 2, D to F), EGaIn-CP electrodes and 
electronic devices (e.g., LEDs) are patterned and placed on the 2D 
planar SEBS film using the predistorted 2D pattern. Then, the 2D 
planar SEBS film is heated until it becomes pliable, and then, it is 
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Fig. 2. Fabrication process of the PGT3DE. (A) Design of 3DE circuit pattern on 3D mold. (B) Thermoforming simulation. (C) Predistorted pattern generation. (D) Patterning 
the EGaIn-CP electrode and mounting electronic devices on 2D planar SEBS film based on the predistorted pattern. (E) Thermoforming process. (F) Fabricated 3DE.
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plastically deformed to the designed 3DE during the thermoform-
ing process. As a preliminary step to the first part, a 2D planar mesh 
with the thermomechanical properties of SEBS and a 3D mold mesh 
are prepared for the precise FEM simulation. In more detail, a cir-
cuit pattern of the 3DE is designed on the 3D mold surface using a 
3D modeling tool (Fig. 2A). Next, during the thermoforming simu-
lation, the 2D planar mesh deforms conformably onto the surface of 
the 3D mold. After that, a mapping between the deformed 3D mesh 
and the surface of the 3D mold mesh is established, and then, the 
circuit pattern on the 3D mold is transferred to the deformed 3D mesh 
(Fig. 2B). Using this one-to-one correspondence between 2D planar 
mesh and the deformed 3D mesh, the pattern on the deformed 3D 
mesh is distorted to the 2D planar mesh (Fig. 2C). Here, this distorted 
pattern on the 2D planar mesh is referred to as the “predistorted 
pattern.” On the basis of the predistorted pattern, the mask for the 
stencil printing of the EGaIn-CP electrode is fabricated. Subsequently, 
the electrode is stencil-printed on the 2D planar SEBS film, and the 
electronic devices are mounted. After that, the electronics is passivated 
with a thin SEBS film by spin coating (Fig. 2D). The next step is 
thermoforming; the 3D mold used during the thermoforming pro-
cess is fabricated by a digital light processing 3D printer with a heat 
resistance resin or a silicone casting mold. After that, the 2D planar 
SEBS film with electronics is placed on a thermoforming machine 
and heated up to the softening point of SEBS. Then, the film is 
stretched over the surface of the 3D mold by applying vacuum from 
beneath the mold (Fig. 2E). Last, the 3DE fabrication is completed 
by detaching it from the 3D mold (Fig. 2F).

Thermoforming simulation
The thermoforming process involves complex thermoplastic defor-
mation when the 2D planar thermoplastic film adapts to the 3D mold. 
Thus, the “thermoforming simulation” step described briefly in Fig. 2B 
will be elaborated more in this section. As previously explained, 
FEM for thermoforming simulation is used to obtain the predistorted 
2D pattern. To simplify the FEM simulation, we made the following 
assumptions. First, the interaction between the 2D planar mesh with 
the thermomechanical properties of SEBS and the 3D mold mesh is 
a hard contact without sliding. Second, the temperature of the 2D 
planar mesh is uniform. Third, the vacuum pressure is applied 
instantaneously. The simulation is conducted by following the 
sequential steps described in Fig. 3A. First, the 3D mold mesh is 
placed on the bottom plate and the 2D planar mesh is placed above 
the 3D mold mesh (Fig. 3Ai). Second, the 2D planar mesh is lowered 
(Fig. 3Aii) and then the vacuum pressure is applied, causing the de-
formation toward the 3D mold mesh (Fig. 3Aiii). The video of the 
thermoforming simulation is shown in movie S2. For the precise 
thermoforming simulation, thermomechanical properties of SEBS 
should be measured. The 2D planar SEBS film has both thermoplastic 
and elastic properties that are dependent on the temperature and 
the strain rate. The glass transition temperature (Tg) of SEBS was esti-
mated, using differential scanning calorimetry (DSC), to be around 
70°C (fig. S2). Generally, a thermoplastic elastomer undergoes an 
elastic deformation at temperatures lower than Tg (T < Tg), and a 
combination of plastic and elastic deformations at temperatures 
higher than Tg (T > Tg). In the latter case, plastic deformation be-
comes more dominant at higher temperature. We found that 110°C 
is the operation temperature for thermoforming, which can provide 
the SEBS film with the maximum plastic deformation of 100% without 
mechanical failure while keeping the geometry after finishing the 

thermoforming process (fig. S3). As shown in Fig. 3B, at T = 110°C 
and a strain rate of 1/s, the SEBS film undergoes a plastic dominant 
deformation after the initial yield point, which means that the 
deformed SEBS will not return to the original shape. As shown in 
Fig. 3C, the stiffness of the SEBS film is also influenced by the strain 
rate. Higher strain rate increases the stiffness of the SEBS film. Here, 
it should be noted that strain rates higher than 10/s could not be 
applied because of the limitation of our tensile testing machine. 
Using these thermomechanical tests for the SEBS film, the material 
properties of the 2D planar mesh in the simulation are set to match 
the thermomechanical properties of the SEBS film at 110°C. To 
compare the simulation and experimental results, we obtained a 3D 
reconstruction of the experimental result by the following method. 
A periodic dot array pattern with a 3-mm pitch was printed on the 
2D planar SEBS film. After thermoforming, a 3D model of the thermo-
formed SEBS film with distorted dot patterns was reconstructed 
using photogrammetry (i.e., 3D reconstruction from 2D photos 
taken at different angles). As shown in Fig. 3D, the simulation and 
experimental results agree well with a close proximity for each dot. 
Furthermore, for a quantitative evaluation of various thermoformed 
SEBS films on different 3D molds such as a mountain, a pyramid, 
and a parabola, the displacement errors for individual dots (i.e., dis-
tance between corresponding dots in the simulation and experimental 
results) were calculated and presented in Fig. 3E using a 3D color 
map and a histogram. In the color map, the error ranges between 0 
and 2 mm. We obtained an average displacement error of 1.1, 1.2, 
and 0.7 mm for the mountain, the pyramid, and the parabolic 
molds, respectively. These errors can be reduced with the use of 
precise heating and positioning. Furthermore, this thermoforming 
simulation could be applied to the patterning of uniform lines on a 
3D curved surface, in this case, on a parabola-shaped mold (Fig. 3F). 
To illustrate the enhanced results by the PGT3DE, we predistorted 
the line pattern on the right side of the 2D planar SEBS film only, 
while the left side was printed with 2D parallel line patterns (nondis-
torted line patterns) with equal dimensions; subsequently, the 2D planar 
SEBS film was thermoformed on the parabola-shaped mold (Fig. 3Fi). 
As shown in Fig. 3Fii, the line patterns on the left side exhibited un-
equal dimensions because of nonuniform extensions at different lo-
cations. In contrast, on the right side, uniform 3D line patterns with 
similar dimensions could be obtained with the predistorted patterns; 
this shows the enhanced results of using PGT3DE. Further quantita-
tive evaluation of 3D line patterns is shown in fig. S4.

Electrical characteristics of 3DE based on the PGT3DE
An EGaIn-CP electrode has been recently reported as a promising 
electrode material for stretchable devices due to its high electrical 
conductivity, adhesive property, and stretchability (22–24). However, 
previous studies investigated the usage of EGaIn-CP as a stretchable 
electrode in elastic deformation only. On the other hand, in the 
present work, we introduce the new possibility of using EGaIn-CP 
as a thermoformable electrode material. As shown in fig. S5, the 
EGaIn-CP gradually solidifies with different CP contents. This 
change is due to a particle internalization process between CPs and 
EGaIn in a HCl solution. Using this characteristic, the EGaIn-CP 
with appropriate CP contents can be used for stencil printing. As 
shown in fig. S6, 10:1.5 weight ratio of EGaln:CP is the optimal pro-
portion for the stencil printing. Figure 4 shows the electrical charac-
teristics of the 3DE during the thermoforming process (through 
which it undergoes thermoplastic deformation) and during operation 
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of the 3DE, i.e., while it is stretched (through which it undergoes 
elastic deformation). The basic electrical properties can be evaluated 
by measuring the relative resistance change (R/R0) during the 
tensile tests of the thermoplastic and elastic deformations (Fig. 4A). 
For the preparation of the tensile test, the EGaIn-CP electrode was 
line-patterned on a 2D planar SEBS film and covered with a thin 
SEBS film by spin coating. Regarding the pattern resolution of the 

EGaIn-CP electrode, two different printing methods were used. 
Stencil printing was used for the line patterns with widths larger than 
500 m, whereas a combination of stencil printing and fiber laser 
patterning was used for the patterns with widths of 150 m (Fig. 4B). 
From the 3D confocal microscope images in fig. S7, it could be con-
firmed that the EGaIn-CP electrode has high fluidity, providing 
an electrical continuity during the thermoplastic and elastic 
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deformations. In addition, from the cross-sectional image in Fig. 4C, 
it was observed that the cross-sectional area decreases when the 
length of the EGaIn-CP electrode increases during the thermoplastic 
and elastic deformations. Therefore, R/R0 of the EGaIn-CP elec-
trode gradually increases without electrical disconnection during the 
thermoplastic deformation (strain = 100%) and during the elastic 
deformation (strain = 600%) as presented in Fig. 4D. For the 
stretchable 3DE device operation, it is important to have excellent 
signal recovery characteristics to ensure stable performance and a 
long lifetime. After thermoplastic deformation, the EGaIn-CP elec-
trode showed a long-term stability in response to 1000 repeated 
cyclic loadings with an elastic deformation of 100% tensile strain 
(Fig. 4E). The signal drifting and structural changes were not nota-
ble during the cyclic test owing to the stable mechanical and elec-
trical properties of the EGaIn-CP electrode and the SEBS film. 
Furthermore, there were no significant changes in the responses to 
twisting and folding of the fabricated 3DE (Fig. 4F). To evaluate the 
dependence of electrical characteristics on dimensions of 3D mold 
and temperature, we thermoformed the line-patterned EGaIn-CP 
electrode on the 2D planar SEBS film onto parabolic molds (Fig. 4G). 
Then, R/R0 of different 3D parabola-shaped 3DEs was measured. 
Specifically, the parabolic molds were 3D printed with a dimeter 
(D) of 20 mm and different heights (H). Here, the aspect ratio of the 
parabolic mold is defined as H/D. As shown in Fig. 4Gii, R/R0 of 

the 3DE gradually increases with increasing H/D values because 
higher values of H/D induce more local stresses. Notably, when the 
value of H/D was higher than 1.75, the EGaIn-CP electrode was dis-
connected because of mechanical failure of the SEBS film. However, 
H/D is lower than 1.75 in most 3D shapes, and thus, the electrical 
disconnection of EGaIn-CP does not occur during the thermo-
forming process. Given that we used SEBS as the substrate for the 
3DE, the 3DE is inherently affected by the temperature. Therefore, 
R/R0 of the parabola-shaped 3DE with H/D of 1 under different 
temperature conditions was measured to verify that the 3DE can 
withstand while keeping its structure without electrical disconnec-
tion. For the test, the 3DE was put into a convection oven under 
different temperature conditions for 10 min. After that, the 3DE was 
cooled down, and R/R0 of the 3DE was measured. As shown in fig. S8, 
the 3DE kept its original shape and resistance up to 65°C. When the 
temperature was higher than 65°C, the shape of the 3DE collapsed, 
which caused a marked increase of R/R0 of the EGaIn-CP electrode 
and electrical disconnection of the EGaIn-CP electrode. Therefore, 
the 3DE can be operated up to the temperature of 65°C.

Demonstration of 3DE for sensor and actuator applications
We present potential applications of the proposed technology by 
demonstrating a 3D wearable touch sensor and a speaker with 3D 
geometries (Fig. 5). First, for the sensor application, a fingertip-shaped 
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capacitive touch sensor was demonstrated as shown in Fig. 5 (A to 
D). Because the fingertips are one of the most sensitive body parts, 
precise positioning of touch pads and stretchability of a sensor are 
essential for the user’s comfort. Although some fingertip-type sen-
sors already exist, they have been limited to rigid sensors mounted 
on a rigid frame, which hardly conform to the shape of the fingertip. 
Therefore, a fingertip-type sensor with a soft frame has been devel-
oped (25, 26). However, it is still challenging to place electronic 
components on highly curved surfaces with high accuracy. Our 
fingertip-shaped touch sensor was made of EGaIn-CP–based touch 
pads mounted on the fingertip-shaped SEBS substrate. Thus, users 
can wear the sensor comfortably and press the touch pad while the 
sensor maintains stable electrical connection. The thermoforming 
process and the precise thermoforming simulation–based pattern-
ing explained in this report enabled fast and precise fabrication of 
the touch sensor. The sensor is composed of four touch pads that 
allow not only four simple taps but also several gesture controls such 
as double tap, flick, and rotation; some gestures make use of multiple 

sensing touch pads (Fig. 5B and movie S3). Gesture control functions 
are realized through time-based grouping of the signal (Fig. 5C). 
When successive signals are detected within a certain time window, 
the signals are interpreted as a one-group signal, instead of multiple 
individual signals. Furthermore, to avoid false detections, the signal 
must exceed a certain threshold. Therefore, the touch sensor was 
successful in controlling a quadcopter drone (Fig. 5D and movie S4). 
The drone was controlled with various gesture control functions to 
achieve different movements such as landing, taking off, forward/
backward/left/right movement, flip, and rotation.

Second, for the actuator application, a 3D-shaped speaker was 
demonstrated, as shown in Fig. 5 (E and F). Previously, a 2D stretch-
able speaker based on the electromagnetic interaction between a 
liquid metal coil and a neodymium (Nd) magnet was reported as a 
body-attached acoustic device (27). However, because a human body 
is composed of various 3D curvatures, the 2D stretchable speaker 
cannot be conformally attached onto the 3D surface of the 
human body such as an elbow, a shoulder, and a heel. Therefore, we 
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demonstrated a hemisphere-shaped speaker for showing the poten-
tial of the 3D stretchable speaker. The hemisphere-shaped speaker 
was fabricated by embedding the Nd magnet in the 3DE, as shown 
in Fig. 5E. To verify the sound generation, we applied an audio fre-
quency electrical signal to the 3D-shaped speaker. Then, the sound 
was measured using a microphone that was positioned 10 cm above 
the center of the 3D-shaped speaker. While the music was played, 
the sound was successfully generated from the 3D-shaped speaker 
with little sound distortion (movie S5). As presented in Fig. 5F, 
successful operation of the 3D-shaped speaker could be clearly ob-
served by measuring the sound pressure level (SPL). In addition, SPL 
was not affected by mechanical deformations of the speaker such as 
pressing and stretching.

Demonstration of 3DE for wireless battery-free system
Wireless technologies can realize the connection of remote electronic 
devices such as wireless sensors for IoT applications. Therefore, we 
applied the PGT3DE to demonstrate wireless battery-free 3DE 
systems (Fig. 6). First, a 3D-shaped wireless power transmission 
system was developed using mountain-shaped 3DE, as previously 
introduced in Fig. 1. The mountain-shaped 3DE is composed of 
three LEDs on mountaintops and their interconnections via a 3D 
coil-shaped EGain-CP electrode, which can receive wireless power 
to illuminate the LEDs. To operate the wireless power transmission 
system, we used a simple transistor oscillator circuit that generates 
a radio frequency power. The transistor in the circuit opens and 

closes the circuit at a frequency of 70 kHz, thus producing quick 
bursts of current into the power transfer coil. These changes in the 
current inside the power transfer coil produce a magnetic field, 
which then induces an electrical current inside the electrode in the 
3DE and, consequently, the lighting of the LEDs. When the 3DE is 
centered on top of the power transfer coil, the LEDs are lit well 
(Fig. 6A). After that, different amounts of current were applied to 
the oscillator circuit (Fig. 6B). The intensity of the LEDs gradually 
increased, while the induced current into the oscillator circuit was 
raised. Furthermore, because of the usages of SEBS and EGaIn-CP 
as stretchable materials, negligible change in the light intensity of 
the LEDs was observed while poking the device with a sharp object 
or while pressing with a transparent rigid film (Fig. 6, C and D, and 
movie S6). It can also be confirmed that the geometry of the 3DE 
returned to the initial geometry well after poking and pressing. 
Furthermore, another 3D-shaped wireless power transmission system 
is also demonstrated in fig. S9 and movie S7.

After verifying the wireless power transmission to the 3DE with 
the 3D coil-shaped electrode, we further developed a 3D-shaped 
battery-free pressure sensor with near-field communication (NFC). 
This device is composed of a pressure-sensitive film, a 3D coil-shaped 
electrode, and an NFC chipset to establish wireless power and 
transmit pressure sensor data to an NFC reader. As a feasibility test, 
a hemisphere-shaped pressure sensor was fabricated and demon-
strated in fig. S10 and movie S8. After that, a heel-shaped wireless 
battery-free pressure sensor for a bedsore monitoring system was 
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developed (Fig. 6, E and F). The 3DE is well attached to the heel 
because of the customized design of the 3DE based on the geometry 
of the heel (Fig. 6E). From the NFC reader, continuous pressure 
measurements could be acquired successfully. In evaluating the 
bedsore monitoring system, the pressure was measured under dif-
ferent lying positions: posture І (toe pointing an angle of 90° to a 
floor) and posture ІІ (toe pointing an angle of 45° to a floor). This 
experiment was done using materials of different hardness for the 
floor, namely, a wood board and a soft sponge. As shown in Fig. 6F 
and movie S9, the pressure signal was measured well from the NFC 
reader during various dynamic motions of the foot between 
postures І and ІІ. As the angle of the foot changed, the pressure 
alternated between the maximum pressure at posture I and minimum 
pressure at posture II because the pressure sensor of the 3DE was 
designed to measure a normal pressure at posture I. Furthermore, 
when the foot was lying on the wood board, a higher maximum 
pressure was observed as compared to when it was lying on the soft 
sponge, because the soft sponge deconcentrates the applied pressure 
at the foot-floor interface.

DISCUSSION
This paper reports a manufacturing method (PTG3DE) to fabri-
cate 3DE based on predistorted pattern generation and the thermo-
forming process. On the basis of the precise thermoforming simulation 
and highly stretchable materials such as SEBS and EGaIn-CP–based 
electrodes, the PTG3DE enables to fabricate the highly customizable, 
conformal, stretchable 3DE. Hence, this method enables customizable 
design and 3D conformal contact to various complicated target sur-
faces. On the basis of the FEM simulation, the 3DE can be precisely 
designed and fabricated using predistorted pattern generation based 
on the user design needs. The use of SEBS- and EGaIn-CP–based 
electrodes enables the fabricated 3DE to have high stretchability, the 
inner surface to be conformal to the target surface, and seamless elec-
tronics systems. To show the potential usages of the PTG3DE in various 
industries, we demonstrated practical applications such as a touch 
sensor, a speaker, and wireless battery-free systems with 3D geometries.

Here, we focused on introducing the core technology of fabricat-
ing 3DE with high stretchability and customizability based on the 
PTG3DE. With further optimization, the PTG3DE reported here 
has the potential to be implemented as a simple, fast, low-cost, and 
scalable manufacturing process of 3DE. The following are viable 
aspects/components to aid in such enhancement: optimization of 
the thermoformable substrate, electrode, and functional sensing 
material; thermoforming equipment with higher temperature and 
position controllability; studies of the thermoforming simulation 
variability; and implementation of functionalities such as inter-
connection between liquid metal–based electrode and a commercial 
integrated circuit (IC) chip. We expect that personalized and 
customized electronics, with a wider range of wearable electronics 
functionalities, will be exploded in the near future. We believe that 
the proposed method will provide a significant contribution to the 
development of the 3DE with higher functionalities.

MATERIALS AND METHODS
Materials
SEBS polymer pellet (HP-10AN) was purchased from Super Asia 
Polyblend. EgaIn [75 weight % (wt%) of Ga and 25 wt% of In] was 

purchased from Dongguan Wochang Metal Products. CP (1 m) 
was purchased from HKK Solutions. Toluene (99.5%) was purchased 
from JFACTORYKOREA. Hydrochloric acid solution (10%) was pur-
chased from HangYangsangsa. Thermoforming machine was pur-
chased from Tamsun and customized.

SEBS film preparation
A pneumatic press machine was used to fabricate a 1-mm-thick 
SEBS film with a loading pressure of 1 MPa and a temperature of 
160°C. To fabricate the 1-mm-thick SEBS, three aluminum plates 
(square perforated bottom and top plates) were prepared. The SEBS 
pellet was put into the square perforated plate, and it was placed 
between the bottom and top plates. Then, the plates were put into 
the pneumatic press machine, and pressure was applied to the plates 
for 5 min. After that, the plates were cooled down, and the SEBS 
film was fabricated by detaching from the plates (fig. S11). For a 
passivation layer of a thin SEBS film, an SEBS solution, with a 
SEBS:toluene weight ratio of 1:5, is used for the spin-coating process.

EGaIn-CP preparation
An EGaIn-CP was fabricated by mixing the EGaIn with the CP. To 
mix them well, the mixing process was performed in a HCl solution, 
which can remove the oxide layer on the EGaIn and CP and enable 
particle internalization. The EGaIn-CP with EGaln:CP weight ratios 
of 10:0, 10:0.5, 10:1, 10:1.5, 10:2, 10:2.5, and 10:3 were prepared and 
put into the HCl solution. Then, the two components were sonicated 
together for 10 min. The EGaIn-CP was obtained after vacuum drying 
at 60° to 80°C for 3 hours to remove residues of the HCl solution.

Finite element analysis
Finite element analysis (FEA) was conducted to estimate the 
mechanical behavior of thermoforming using Abaqus software 
(Dassault Systemes Simulia Corporation, Johnston, RI). The mod-
eling study focused on the prediction of where and how each 
mesh point of the planar SEBS film moves onto the surface of the 
target object.

Predistorted pattern generation
To generate the predistorted pattern, we used a 3D mesh processing 
software (MeshLab, Visual Computing Lab, Italy) and a numeric 
computing software (MATLAB, MathWorks, USA). From the FEA 
thermoforming simulation, a simulated mesh of the planar SEBS film 
was obtained. After that, using the 3D mesh processing software, 
the designed electronic pattern on the 3D model was projected onto the 
simulated mesh. From the one-to-one correspondence between the 
initial mesh and the simulated mesh, the predistorted pattern was 
obtained (fig. S12).

Quantitative evaluation of the PTG3DE
The thermoformed SEBS film using different 3D molds was 3D re-
constructed using photogrammetry to obtain the positions of each 
dot. After that, the distance between corresponding dots in the sim-
ulation and in the experimental results was calculated and visualized 
using the 3D mesh processing software and the numeric computing 
software (figs. S13 and S14).

Characterization of SEBS and EGaIn-CP electrode
Continuous pressure was applied under different temperature con-
ditions using a universal testing machine (Instron 5969, Instron, USA) 
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for full loading-unloading cycles of the SEBS film. To measure the 
Tg temperature of SEBS, a DSC (Q90, TA Instruments Inc., USA) 
was used. The tensile strain was applied in a customized linear 
stage. The electrical characteristics of the EGaIn-CP electrode was 
examined using a source meter (Keithley 2400, Tektronix, USA) with 
Kelvin (four-wire) resistance measurement. The morphology of the 
EGaIn-CP electrode channel was captured using a confocal laser 
microscope (VK-X1050, Keyence, Japan).

Demonstration of fingertip-shaped capacitive  
touch sensor
The capacitance of each touch pad was measured using a NE555 
timer IC. It outputs a square wave signal with a frequency, which is 
converted to capacitance. Then, a commercial microcontroller board 
(ESAP8266, Espressif Systems, China) measured the frequency and 
controlled the quadcopter drone (Tello, DJI, China) (fig. S15). This 
experiment was approved by the institutional review board (IRB) 
of Korea Advanced Institute of Science and Technology (KAIST) 
(IRB no. KH2021-116).

Demonstration of 3D-shaped speaker
The sound from the 3D-shaped speaker was generated using an 
audio amplifier board (TPA3118D, Texas Instruments) connected 
a commercial music player. While the music was played, the sound 
generated from the 3D-shaped speaker was recorded by using a 
commercial microphone, which was located 10 cm away from the 
center of the 3D-shaped speaker (fig. S16).

Wireless system measurement
For the wireless power transmission system, a function generator 
(33210A, Keysight Technologies, USA) and a transistor (BD139) 
were used to operate high alternating current (AC) signal. The func-
tion generator generated AC signals with a resonant frequency, 
and the transistor amplified the signal to the power transfer coil 
(fig. S17). This produces a magnetic field, which then induces an 
electrical current inside the electrode in the 3DE and the lighting 
of the LEDs. For the battery-free pressure sensor for a bedsore 
monitoring system with NFC, a pressure-sensitive film (Velostat, 
Adafruit, USA), an NFC chip (RF430FRL15xH NFC, Texas Instru-
ments, USA), and an NFC reader [ISO15693 (ID ISC. LRM2500-A), 
FEIG, USA] were used. This experiment was approved by the insti-
tutional review board of KAIST (IRB no. KH2021-116). The pressure- 
sensitive film and the 3D coil-shaped electrode were connected to 
the NFC chip, which was programmed to send the pressure data 
to the NFC reader. When the NFC chip is close to the NFC reader, 
the NFC reader reads the data, which are plotted via a computer 
(fig. S18).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj0694
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