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ABSTRACT: Ionic conductive elastomers (ICEs) are emerging stretch-
able and ionic conductive materials that are solvent-free and thus
demonstrate excellent thermal stability. Three-dimensional (3D) printing
that creates complex 3D structures in free forms is considered as an ideal
approach to manufacture sophisticated ICE-based devices. However, the
current technologies constrain 3D printed ICE structures in a single
material, which greatly limits functionality and performance of ICE-based
devices and machines. Here, we report a digital light processing (DLP)-
based multimaterial 3D printing capability to seemly integrate ultraviolet-
curable ICE (UV-ICE) with nonconductive materials to create ionic
flexible electronic devices in 3D forms with enhanced performance. This
unique capability allows us to readily manufacture various 3D flexible
electronic devices. To demonstrate this, we printed UV-ICE circuits into
polymer substrates with different mechanical properties to create resistive
strain and force sensors; we printed flexible capacitive sensors with high sensitivity (2 kPa−1) and a wide range of measured pressures
(from 5 Pa to 550 kPa) by creating a complex microstructure in the dielectric layer; we even realized ionic conductor-activated four-
dimensional (4D) printing by printing a UV-ICE circuit into a shape memory polymer substrate. The proposed approach paves a
new efficient way to realize multifunctional flexible devices and machines by bonding ICEs with other polymers in 3D forms.
KEYWORDS: flexible electronics, ionic conductive elastomers, multimaterial 3D printing, digital light processing, 4D printing

1. INTRODUCTION
Flexible electronics have attracted wide attention because of
their impactful applications in electronic skin,1,2 energy
harvesting and storage devices,3,4 human motion detectors,5,6

health monitoring systems,7−9 and soft robots.10 Stretchable
conductors are crucial for enabling flexible electronics that are
able to not only receive and transport electronic signals but
also conform large deformations. To date, there are two
mainstream strategies for achieving stretchable conductors:
strain engineering and nanocomposites.11 In the first strategy,
the non-stretchable but conductive materials, such as metals,
need to be engineered to special mechanical structures or
architectures, such as out-of-plane wrinkles,12 in-plane
serpentines,13 and kirigami architectures,14 to enable high
stretchability of whole structures while maintaining local
deformations at a low strain level. However, this strategy
requires sophisticated structural designs and a series of
complicated manufacturing processes. The second strategy is
to embed conductive fillers, such as carbon nanotubes,15 silver
nanowires,16 and metal nanoparticles17 or flakes,18 into a
dielectric elastomeric matrix to form nanocomposites for

releasing stretchable conductors. Nevertheless, due to the
percolation-dependent conductivity, the stretchable conduc-
tors are highly strain sensitive and not stable after multiple
strain cycles.11

Compared with traditional electronic conductors, ionic
conductors use ions as current carriers and have recently
enabled a new family of devices called ionotronics.19−21

Among all the ionic conductors, hydrogels contain large
amounts of water that can dissolve ions and therefore have
been widely used to realize various applications including
hydrogel sensors,22 electronic devices,23,24 batteries,25 actua-
tors,26 and soft robots.27 However, the use of hydrogels as
conductors for flexible electronics encounters one significant
challenge�dehydration. Encapsulating hydrogels into anti-
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dehydration elastomeric layers has successfully addressed this
issue,28−30 but also complicated the fabrication process and
constrained the geometry hydrogel-based flexible electronics to
laminate structures.
Ionic conductive elastomers (ICEs) are emerging ionic

conductive materials that are solvent-free31−33 and thus
demonstrate not only decent stretchability and conductivity
but also excellent thermal stability. These remarkable proper-
ties make ICEs ideal materials for engineering ionic devices
including touch sensors,34,35 ionic skin,36 and triboelectric
nanogenerators.37 However, the current manufacturing of ICEs
mainly relies on molding and casting methods that constrain
the manufactured ionic devices to simple and large bulk
geometries consisting of a single material. Three-dimensional
(3D) printing that creates complex 3D objects in free forms is
considered as an ideal approach to manufacture more
sophisticated ionic devices. Digital light processing (DLP)-
based 3D printing creates complex 3D structures with high
resolutions through digitalized ultraviolet (UV) projection that
triggers localized photopolymerization, converting liquid
polymer solution to solid 3D structures. Recently, researchers
have developed UV-curable ICEs, which is compatible with
DLP-based 3D printing to form 3D flexible tactile sensors with
high sensitivity.33 However, the current printed ICE sensors
are fabricated with a single material or in a simple laminate
form that was not fully printed.
Here, we report a DLP-based multimaterial 3D printing

capability to seemly integrate ICE with nonconductive
materials to create ionic flexible electronic devices in 3D

forms with enhanced performance. We develop ultraviolet-
curable ionic conductive elastomers (UV-ICEs) that are not
only highly stretchable (elongation at break: up to 1300%) but
also compatible with DLP-based 3D printing to create highly
complex ionic conductive 3D structures with high resolution
(up to 5 μm). More importantly, the UV-ICEs are able to form
a mechanically robust interface with diverse UV-curable but
nonconductive materials ranging from soft elastomers to rigid
polymers. This unique property allows us to use a self-built
DLP-based multimaterial 3D printer to readily manufacture
various flexible electronic devices consisting of ICE-based
circuits and various nonconductive polymers. We printed a
flexible smart glove consisting of UV-ICE circuits into a soft
substrate to collect bending signals of finger motions that were
later used to manipulate a robotic hand. By printing a UV-ICE
circuit into a polymer substrate with various stiffness, we
created force sensors that can measure an axial force of up to
100 N. We also 3D printed flexible capacitive sensors with high
sensitivity (2 kPa−1) and a wide range of measured pressures
(from 5 Pa to 550 kPa) by creating a complex microstructure
in the dielectric layer. We can even print a flexible pressure
sensor array that is able to map pressure distribution.
Moreover, for the first time, we demonstrate ionic con-
ductor-activated four-dimensional (4D) printing by printing a
UV-ICE circuit into a shape memory polymer substrate. The
proposed approach paves a new efficient way to fabricate
flexible electronics with greatly extended functionality and
performance through DLP-based multimaterial 3D printing.

Figure 1. Multimaterial 3D printing UV-ICEs with nonconductive elastomers. (a) Illustration of the DLP-based multimaterial 3D printing system.
(b, c) Processes of printing UV-ICE and nonconductive elastomer structures, respectively. (d) Octet truss lattice structure printed with the UV-ICE
and nonconductive elastomer. Scale bar: 10 mm. (e, f) Photographs of an Octet truss lattice structure before and after compressing. Scale bar: 10
mm. (g) A stretchable multimaterial 3D printing circuit with a patch LED. Scale bar: 10 mm. (h, i) A functional LED array wrapped around a
human finger with different patterns. Scale bar: 10 mm.
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2. RESULTS AND DISCUSSION

2.1. Multimaterial 3D Printing UV-ICEs with Non-
conductive Elastomers. Figure 1 presents the ionic flexible
electronic structures and devices that are fabricated on a self-

built DLP-based multimaterial 3D printing system. Figure 1a−
c shows the process of printing a multimaterial Octet truss
where the top and bottom layers made of UV-ICE are
connected with a middle layer made of a nonconductive
elastomer. Figure 1a illustrates the multimaterial 3D printing

Figure 2. Synthesis and properties of UV-ICE. (a) Detailed chemical structures of BA, AUD, IBOA, LiTFSI, and TPO that are used to prepare the
UV-ICE precursor solution. (b) UV-ICE network structure after 3D printing. (c) Detailed chemical structure of crosslinked UV-ICE. (d) Stress−
strain behavior of the UV-ICE. (e) Effect of LiTFSI content on Young’s modulus and elongation at break of the UV-ICE. (f) FTIR spectrum of the
UV-ICE with different LiTFSI contents. (g) Illustration of the electrical performance test of the UV-ICE. (h) Plot of real part ZRe and negative
phase angle versus testing frequency for the UV-ICE. (i) Ionic conductivity of the UV-ICE with different LiTFSI contents. (j) DSC curves of the
UV-ICE. The inset pictures were the UV-ICE and PAAm hydrogel after being stored at −30 °C for 15 min. Scale bar: 10 mm. (k)
Thermogravimetric curves of the UV-ICE. The inset pictures were the UV-ICE and PAAm hydrogel after being stored at 100 °C for 20 min. Scale
bar: 10 mm. (l) Weight change of UV-ICE samples and PAAm hydrogel samples in a week. The inset picture was the printed UV-ICE structure
after being stored at room temperature for a week. Scale bar: 10 mm.
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system that adopts “bottom-up” projection configuration
where UV patterns are irradiated from the UV projector
positioned below the printing stage that moves vertically to
control the thickness of each printed slice. Between the
printing stage and the UV projector, there is a movable
platform that supports two polymer solution containers and
moves horizontally to deliver the needed polymer precursor
solution for the corresponding slice. As shown in Figure 1b,
when a slice of the nonconductive elastomer part is being
printed, the transparent nonconductive elastomer precursor
solution moves below the printing stage, and the correspond-
ing UV pattern is illuminated into the precursor solution. In
Figure 1c, when a layer of the UV-ICE part is being printed,
the orange UV-ICE precursor solution is positioned below the
printing stage, and the corresponding UV pattern is irradiated
into the orange solution. Figure 1d presents the printed Octet
truss lattice structure. In Figure 1e, we attach two electrodes to
the Octet truss’s top and bottom surfaces made of UV-ICE to
create a circuit that is initially not conductive. Under
compression, the two conductive layers contact to make the
circuit conductive that is indicated by the turned-on light-
emitting diode (LED) bulb (Figure 1f).
The DLP-based multimaterial 3D printing system enables

the precise arrangement of UV-ICE and other nonconductive
polymers in a 3D space and allows us to fabricate various
flexible electronic devices in a single printing process. As
shown in Figure 1g, we print a flexible circuit board consisting
of UV-ICE circuit patterns on an elastomeric substrate and
exhibiting good stretchability with a 3 × 3 LED array attached
on it. The nine circuits allow us to independently control the
nine LED bulbs. Figure 1h,i demonstrates that the LED array
displays letters “C” and “O” by selectively turning on and off
the nine individual LED bulbs.

2.2. Synthesis and Properties of UV-ICE. Figure 2a
presents the chemicals that are used to prepare the UV-ICE
precursor solution that consists of butyl acrylate (BA) as the
monomer, aliphatic urethane diacrylate (AUD) as the
crosslinker that is diluted by 33 wt % isobornyl acrylate
(IBOA), and 2,4,6-trimethylbenzoyl diphenylphosphine oxide
(TPO) as the photoinitiator. Moreover, lithium bis-
(trifluoromethane sulfonimide) (LiTFSI), as the electrolyte
salt, needs to be dissolved into the UV-ICE precursor solution
to impart ionic conductivity. Figure 2a−c illustrates the
photopolymerization of the UV-ICE system during DLP-
based 3D printing. Irradiation of UV lights activates the TPO
photoinitiator to generate free radicals that propagate through
BA, IBOA, and AUD molecules (Figure 2a) that are chemically
crosslinked to form covalent networks (Figure 2b) where the
detailed chemical structure is presented in Figure 2c. In the
UV-ICE, lithium ions coordinate with oxygen atoms on ester
groups in polymer chains to form lithium−oxygen (Li−O)
bonds.38,39 Under the applied electric field, lithium ions
migrate within the UV-ICE network, thereby imparting ionic
conductivity to the UV-ICE system.
The UV-ICE is highly stretchable and can be stretched by

∼1300% (Figure 2d). As the stretchability of UV-ICE
determines the deformation capacity of 3D printed objects,
we performed uniaxial tensile tests on the UV-ICE system to
study the effect of AUD and LiTFSI contents on the stress−
strain behavior of the system. As presented in Figure S1, the
increase in the AUD content from 10 to 50 wt % results in an
enhancement in Young’s modulus from 55 to 630 kPa and a
gradual decrease in the elongation at break from 930 to 420%.

Thus, the mechanical property of the UV-ICE can be adjusted
by tuning the crosslinker content. In contrast to the effect of
AUD, adding more LiTFSI leads to the increase in both
Young’s modulus and elongation at break (Figure 2e and
Figure S2). This phenomenon is attributed to the Li−O bonds
between lithium ions and carbonyl oxygen atoms on polymer
chains.40 We performed Fourier transform infrared (FTIR)
spectroscopy to validate this explanation. As shown in Figure
2f, the C=O group stretching of the pure BA−AUD (LiTFSI
content: 0 wt %) sample is at 1730 cm−1, and the increase in
the LiTFSI content shifts the C=O group stretching to a lower
wavenumber due to the presence of Li−O bonds, as illustrated
in Figure 2c. In addition to the high stretchability, the UV-ICE
sample also exhibits excellent mechanical repeatability. As
shown in Figure S3, no fracture or obvious stress decay is
observed after the UV-ICE sample was cyclically stretched
from 0 to 200% 1000 times. The loading−unloading curves in
Figure S4 demonstrate the low hysteresis effect of the UV-ICE
sample when the tensile strain is more than 200%.
We investigate the ionic conductivity of the UV-ICE system

by measuring alternating-current impedance spectroscopy on
an electrochemical workstation. As illustrated in Figure 2g, two
silver fabrics are attached to the two ends of the UV-ICE
sample. In an equivalent circuit, the ICE part is modeled as a
pure resistance, R0, and the end of the ICE sample can be
modeled by using the Randles circuit model consisting of a
capacitor, CEDL, in parallel with a resistor, RCT.

41 Here, CEDL is
attributed to the electric double layer (EDL) forming at the
interface between the ICE sample and the silver fabric, and RCT
is the charge transfer resistance. According to the equivalent
circuit model, we can calculate the impedance between the two
silver fabrics and the UV-ICE sample as

= + =
+

+ =
+

Z Z Z
R
fC R

R Z
fC R

fC R

Z i with
2

1 (2 )

,
4

1 (2 )

Re Im Re
CT

EDL CT
2

0 Im
EDL CT

2

EDL CT
2 (1)

where f is the testing frequency and the real part ZRe of Z is the
resistance between the two silver fabrics. As presented in
Figure 2h, the measured real part ZRe of UV-ICE is a function
of testing frequency f: at a low-frequency range (0.1−100 Hz),
ZRe decreases with the increase in f and the negative phase
angle −ϕ (tanϕ = ZIm/ZRe) is nonzero due to the effect of the
EDL forming at the interface between the UV-ICE sample and
the silver fabrics,41 while at a high-frequency range (100 Hz to
10 kHz), the effect of EDL becomes negligible, ZRe reaches a
minimum and stable state, and −ϕ turns to be 0°. We further
investigated electrical conductivity of the UV-ICE system. As
presented in Figure 2i, the conductivity raises from 1.4 × 10−4

to 6.1 × 10−3 S·m−1 by increasing the LiTFSI content from 10
to 50 wt %. The 50 wt % is the maximum content of LiTFSI
that can be dissolved in the BA−AUD solution. Moreover,
Figure S5 shows that the conductivity of UV-ICE is highly
temperature dependent, and it escalates by more than one
order of magnitude as the temperature raises from 5 to 65 °C.
Compared with hydrogel-based ionic conductors, UV-ICEs

are physically more stable within a wide temperature range.
Figure 2j presents the differential scanning calorimetry (DSC)
results, which indicate that the glass transition temperature
(Tg) of the UV-ICE sample is −49.4 °C above which the UV-
ICE sample exhibits typical rubbery mechanical behavior. As
demonstrated in the inset of Figure 2j, the polyacrylamide
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(PAAm) hydrogel was crystallized at −30 °C after 15 min,
while the UV-ICE sample remained the initial state. The
thermogravimetric analyses (TGA) in Figure 2k further
confirm that the UV-ICE sample is stable below 200 °C
where no apparent weight loss is observed. The stability of the
PAAm hydrogel and UV-ICE was compared at 100 °C in an
oven. As demonstrated in the insets of Figure 2k, after 20 min
at 100 °C, the UV-ICE sample was unchanged, but the PAAm
hydrogel severely shrunk due to water loss. Moreover, in
contrast to hydrogels, the printed UV-ICE structure had little
loss of mass due to the absence of solvents and maintained
excellent tensile and electrical conductivity after being left at
room temperature for a week (Figure 2l). In addition, the UV-
ICEs exhibit excellent stability in electronical conductivity. As
shown in Figure S6, the variation in conductivity is less than
4% when the UV-ICE samples were exposed to an ordinary
environment (temperature, 27 °C; humidity, 50%) for 2 weeks.
We also carried out experiments to investigate the weight
stability of the UV-ICEs at room temperature over 1 week. As
presented in Figure S7, no weight losses were observed for all
the samples with different LiTFSI contents under the humidity

of 40 and 80% over 1 week. High LiTFSI content (50 wt %)
makes the UV-ICE sample absorb a small amount of water.

2.3. 3D Printing of UV-ICEs. The photopolymerizable
UV-ICE system is highly suitable for DLP-based 3D printing
technology. We can print structures made of UV-ICE on a
high-resolution, DLP-based 3D printer that transforms liquid
UV-ICE precursor solution into solid 3D structures via
localized photopolymerization controlled by a high-precision
UV light engine. The UV-ICE can be used to print a high-
precision grid (up to 5 μm in Figure 3a) and a highly complex
Octet truss lattice structure with a rod diameter of ∼100 μm
(Figure 3b,c). The rheological behavior of the UV-ICE system
is critical to the DLP-based 3D printing process. All UV-ICE
precursor solutions with different LiTFSI contents possess low
viscosity (less than 0.08 Pa·s, Figure S8) at room temperature
and are suitable for DLP-based 3D printing.42 As shown in
Figure S9, we performed photo-rheological characterizations to
quantify the curing time required for the UV-ICE precursor
solutions with different LiTFSI contents to achieve their gel
points. Overall, the gelation process of UV-ICE is fast, so it
requires ∼4 s (∼8 × 10−4 J/mm2) to cure a 50 μm thick layer.

Figure 3. Characterization on 3D printing of UV-ICEs. (a) Microscopic image of the grid pattern with 5 μm width printed with the UV-ICE. (b)
Octet truss structure printed with UV-ICE. Scale bar: 5 mm. (c) Scanning electron microscope (SEM) image of the Octet truss. Scale bar: 200 μm.
(d) Octet truss lattice structure printed with the UV-ICE and nonconductive elastomer. Scale bar: 10 mm. (e) Schematic of the interface of UV-
ICEs and nonconductive (meth)acrylate polymers. (f) Chemical covalent structures in the interface between UV-ICEs and nonconductive
(meth)acrylate polymers. R is the possible middle chains in (meth)acrylate polymers. (g) Illustration of bonding UV-ICEs to (meth)acrylate
polymers. (h) Uniaxial tensile tests of the dog bone samples printed with half UV-ICEs and half nonconductive (meth)acrylate polymers. The
polymers in the picture from left to right respectively are the Vero, Agilus, shape memory polymer (SMP), and BA−AUD elastomer. Vero scale bar:
5 mm. (i) Force/width−displacement curves to investigate the interfacial toughness (180° peeling test).
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Moreover, to improve the printing resolution, we choose
Sudan I as the photo-absorber. As presented in Figure S10, the
UV-ICE system with the photo-absorber requires more energy
(longer time) to cure the same depth.
DLP-based multimaterial 3D printing is an ideal technology

to fabricate ion-based flexible electronic devices consisting of
UV-ICEs and other UV-curable polymers.43Figure 3d presents
a printed Octet truss lattice structure printed with the UV-ICE
and BA−AUD elastomer. The interfacial toughness between
the UV-ICE and the (meth)acrylate polymer is the key to
determining the mechanical performance of a printed
structure. At the interface, the free radicals within the
(meth)acrylate polymer combine with those unreacted
monomers and oligomers within the UV-ICE domain, resulting
in the chemical bonding between the (meth)acrylate-based
polymer layer and the UV-ICE layer (Figure 3e,f). To further
demonstrate the strong interfacial bonding, we prepared the
dog bone samples printed with half UV-ICEs and half
(meth)acrylate polymers for tensile testing (Figure 3g). As
shown in Figure 3h, there was a firm interfacial bonding
between UV-ICEs and other UV-curable elastomers including

BA−AUD and three commercial elastomers (Agilus, Vero, and
Tango from Stratasys Ltd.). We also performed the 180°
peeling tests to investigate the interfacial toughness between
UV-ICE and other UV-curable elastomers. As shown in Figure
3i, the interface toughness for the UV-ICE on the four different
elastomers is 570−810 N/m, indicating that the UV-ICE is
able to form robust interfaces with other UV-curable
elastomers.

2.4. 3D Printing UV-ICE-Based Stretchable Resistive
Sensors. The capability of printing UV-ICE with other
polymers allows us to quickly fabricate resistive sensors that
can monitor the changes in strain or force. Figure 4a presents
the illustration of a resistive sensor where the UV-ICE circuit
with thickness d1 is embedded into a nonconductive polymer
matrix with thickness d2. As illustrated in Figure 4b, a tensile
force F leads the sensor to be stretched by (ΔL + L0)/L0 so
that the resistance of the circuit increases from R0 to R0 + ΔR.
As shown in Figure 4c, according to the correlation between
the relative resistance change ΔR/R0 and the strain ε (ε = ΔL/
L0) on the sensor, the resistive sensor can be used as a strain
sensor; by tuning Young’s modulus E and cross-sectional area

Figure 4. UV-ICE-based stretchable resistive sensors. (a) Illustration of a resistive sensor with the UV-ICE and nonconductive polymer. (b)
Resistance response of the UV-ICE resistive sensor after being stretched. (c) The strain ε on the sensor and the force F applied to the sensor versus
the relative resistance change ΔR/R0. (d) Photograph of a glove with strain sensors prepared by multimaterial 3D printing. Scale bar: 10 mm. (e)
Photograph of the printed glove after transferring onto the hand. Scale bar: 10 mm. (f) Signal change as a function of time for strain sensors within
the glove at different hand positions. Scale bar: 6 cm. (g) Stress−strain behavior of the matrix material with different Young’s moduli. (h) ΔR/R0 of
the resistive sensor versus the matrix material with different Young’s moduli (d1 = 0.3 mm, d2 = 0.5 mm). (i) ΔR/R0 of the resistive sensor versus
the matrix material with different thicknesses (E = 93 MPa, d1 = 0.3 mm). (j) Variation of sensitivity and maximal measured force of the resistive
sensor by tuning Young’s modulus and thickness of the matrix.
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A of the matrix, the resistive sensor can be further used to
detect force based on the correlation between the relative
resistance change ΔR/R0 and the force F (F = E × A × ΔL/L0)
applied to the sensor.
Figure 4d presents a multimaterial 3D printed smart glove

where five strain sensors made of UV-ICE are embedded to the
soft matrix made of the nonconductive BA−AUD elastomer
with Young’s modulus of 3 MPa. Compared with previous
works,44−47 the DLP-based multimaterial 3D printing
approach greatly simplifies the fabrication process and only
took us 5 min to fabricate such a glove. Thanks to the strong
adhesion of the BA−AUD substrate, as shown in Figure 4e, the
smart glove can be firmly attached to a hand. In Figure 4f, the

smart glove was used to collect finger motion signals that
control a robotic hand to perform different gestures in real
time (Movie S1). As shown in Figure 4g, every slight bending
of each finger can be quickly and accurately detected by the
smart glove so that the robotic hand can rapidly respond to
imitate the gestures of our hand. Details on the electro-
mechanical performance of the strain sensor and the adhesion
and biocompatibility of the matrix material are presented in
Figures S11−S14, respectively.
The printed sensor can also be used to measure force by

using a stiffer material print matrix. Figure 4g shows the
stress−strain curves for four materials whose Young’s modulus
ranges from 3 to 630 MPa. In Figure 4h, the increase in

Figure 5. Multimaterial 3D printed capacitive pressure sensor with UV-ICE. (a) Schematic illustration of the capacitive pressure sensor. (b) The
microstructure of the dielectric layer. (c) Stress distribution of the simulation results for the dielectric layer with three hollow pyramidal frustums
under different pressures. (d) Compressive test of the dielectric layer (red curve, solid pyramidal frustum; blue curve, hollow pyramidal frustum;
solid curve, experimental data; dashed curve, FEA simulated data). (e) Change of capacitance over the pressure range of up to 550 kPa. (f) Instant
response of the pressure sensor. (g) Schematic illustrations of the flexible pressure sensor array. (h) Photograph showing the multimaterial printed
pressure sensor array with 4 × 4 sensing pixels. Scale bar: 10 mm. (i) Demonstrations of the flexible 3D printed multimaterial array. Scale bar: 10
mm. (j−m) Response behaviors of the printed pressure sensor array when placing a 5 g object on the 4 row × 4 column pixels. Scale bar: 10 mm.
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Young’s modulus of the matrix material leads to a higher force
to achieve the same resistance change. For instance, to realize
ΔR/R0 = 0.4, the applied force increases from 0.8 to 84 N by
changing Young’s modulus of the matrix material from 3 to
630 MPa. Moreover, we can tune the force−relative resistance
change relation by changing the thickness of the matrix d1. As
demonstrated in Figure 4i, to realize ΔR/R0 = 0.4, the applied
force increases from 20 to 61 N by changing d2 from 0.5 to 3
mm. As summarized in Figure 4j, by tuning Young’s modulus
and thickness of the matrix, the printed sensor is able to
measure a wide range of forces, but the sensitivity accordingly
decreases with the increase in the magnitude of the measured
force.

2.5. Multimaterial 3D Printed Capacitive Pressure
Sensor with UV-ICE. The capability of printing UV-ICE with
a dielectric elastomer also allows us to quickly fabricate flexible
capacitive sensors to monitor pressure. The high-resolution
multimaterial 3D printing allows us to directly print the
dielectric layer with microstructures to achieve better perform-
ance of a pressure sensor. As shown in Figure 5a, we design a
3D printed capacitive pressure sensor where the dielectric layer
is composed of three hollow pyramidal frustums with different

sizes (dielectric layer: BA−AUD elastomer, 30 wt % AUD).
Figure 5b presents the microstructure of the dielectric layer.
Figure S15 shows the image of the printed dielectric layer with
three hollow pyramidal frustums. We conducted finite element
analysis (FEA) to simulate the compressive process of the
dielectric layer. Details on FEA can be found in Experimental
Section. As shown in Figure 5c, the three hollow pyramidal
frustums gradually bend until all of them are compressed. As
shown in Figure 5d, we performed a compressive test to
investigate the stress−strain behavior of the dielectric layer
with three hollow pyramidal frustums. When only the outer
pyramidal frustum is compressed, the initial stiffness of the
sensor is 0.013 MPa. Then, the stiffness turns to be 0.16 MPa,
and 0.68 MPa after the middle and inner pyramidal frustums
are sequentially compressed. In comparison, the solid
pyramidal frustum exhibits a much higher stiffness of 1.84
MPa. Figure 5e presents the relative capacity change (ΔC/C0)
over pressure P. The initial sensitivity S [S = (δΔC/C0)/δP] of
the sensor with three hollow pyramidal frustums is 2.06 kPa−1.
As shown in the inset of Figure 5e, the low stiffness of the
hollow pyramidal frustums allows the sensor to measure an
ultralow pressure of 5 Pa. The three hollow pyramidal frustums

Figure 6. ICE-enabled 4D printing. (a) Schematic illustrations showing the generation of Joule heat in UV-ICE under a high-frequency alternative
voltage. (b) Images showing the evolution of the bent SMP strip with the UV-ICE circuit under an applied alternative voltage (V = 500 V, f = 1000
Hz). Scale bar: 10 mm. (c) The corresponding thermal images for the cases in Figure 6b. (d) Illustrations on the design of an SMP flower with UV-
ICE. (e) As-printed SMP flower with UV-ICE. Scale bar: 5 mm. (f) SMP flower with UV-ICE in a programmed compacted shape. Scale bar: 5 mm.
(g−i) Images showing the development of the closed SMP flower with UV-ICE under an applied alternative voltage (V = 200 V, f = 1000 Hz). The
inset pictures were corresponding thermal images. Scale bar: 5 mm.
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with different sizes extend the up limit of measured pressure to
550 kPa while maintaining a relatively high sensitivity (S = 0.07
kPa−1). In comparison, the sensitivity of the sensor with a solid
pyramidal frustum is only 0.02 kPa−1, and the sensitivity
decreases to 0.001 kPa−1 when the pressure is higher than 100
kPa due to the high stiffness and incompressibility of the solid
pyramidal frustum. To demonstrate that the 3D printed
sensors are able to detect an ultralow pressure with a fast
response, as shown in Figure 5f, a weight of 0.12 g is gently
placed on the pressure sensor and then quickly removed. The
sensor detects the variation in capacitance by 2.9 pF within 22
ms, and the capacitance turns to the initial value within 44 ms.
Table S1 compares the performance of the 3D printed

pressure sensor with that of previously reported ionic pressure
sensors.28,33,40,48−56 The pressure sensor in this work exhibits a
broad detection range from 5 Pa to 500 kPa and a high
sensitivity of 2.06 kPa−1. More importantly, the pressure sensor
in this work is fully 3D printed, which saves time of fabrication,
especially in the case of fabricating a pressure sensor array.
Figure 5g illustrates the design of the pressure sensor array
composed of 4 × 4 sensor units. The pressure sensor array
includes four layers: a nonconductive elastomeric substrate,
two circuit layers, and a dielectric layer of hollow pyramidal
frustums. In each circuit layer, there are four parallel UV-ICE
bands. The UV-ICE bands in the two circuit layers are
orthogonal to each other. Figure 5h presents the snapshot of
the printed pressure sensor array that was directly printed
within 15 min. Figure 5i demonstrates its excellent flexibility as
all constituent materials are highly stretchable. Figure 5j−m
demonstrates that the printed pressure sensor array is able to
map the pressure distribution when a 5 g square is placed on
two different locations of the sensor array.

2.6. ICE-Enabled 4D Printing. Through multimaterial 3D
printing UV-ICE into the SMP matrix, we can also realize
electronically controlled, Joule heating activated 4D printing.
As illustrated in Figure 6a, the application of a high-frequency
alternative voltage (V = 200−500 V, f = 1 kHz) makes UV-ICE
generate heat due to the fast motion of cations and anions. In
Figure 6b, we printed a multimaterial straight strip where the
UV-ICE circuit was embedded into the SMP matrix and
programmed the strip into a bent shape. After applying an
alternative voltage, the bent SMP strip gradually recovered into
its original straight shape due to Joule heating for the UV-ICE
circuit. Figure 6c presents the corresponding infrared images of
the Joule heating process where the heat was generated from
the UV-ICE circuit and gradually diffused to the entire SMP
matrix. To further demonstrate the concept to UV-ICE circuit-
activated 4D printing, Figure 6d presents the design of an SMP
flower where the UV-ICE is placed at the four hinges as well as
the two corners of its base that are connected to the alternative
voltage supplier. Figure 6e,f shows the images of the flower in
its open (as-printed) and close (programmed) configurations,
respectively. As shown in Figure 6g−i and Movie S2, the
opening process of the flower can be triggered by applying an
alternative voltage (V = 200 V, f = 1000 Hz) on the UV-ICE
circuit. The inset infrared images clearly show that the only
parts connected with UV-ICE are heated to trigger the shape
recovery of the SMP hinges.

3. CONCLUSIONS
We report a DLP-based multimaterial 3D printing capability to
seemly integrate ICE with nonconductive materials to create
ionic flexible electronic devices in 3D forms. We develop UV-

ICEs that are highly stretchable and compatible with DLP-
based 3D printing to create highly complex ionic conductive
3D structures with high resolution. The UV-ICEs are able to
form a mechanically robust interface with other UV-curable
but nonconductive materials ranging from soft elastomers to
rigid polymers. This unique capability allows us to use a self-
built DLP-based multimaterial 3D printer to readily
manufacture various flexible electronic devices consisting of
ICE-based circuits and various nonconductive polymers. To
demonstrate this, we printed UV-ICE circuits into polymer
substrates with different mechanical properties to create
resistive strain and force sensors; we printed flexible capacitive
sensors with high sensitivity and a wide range of measured
pressures by creating a complex microstructure in the dielectric
layer; we even realized ionic conductor-activated 4D printing
by embedding a UV-ICE circuit into a shape memory polymer
substrate.

4. EXPERIMENTAL SECTION
4.1. Materials. BA, acrylamide (AAm), and Sudan I were

purchased from Aladdin (China). AUD (Ebecryl 8413) was kindly
provided by Allnex (Germany). Diphenyl(2,4,6-trimethylbenzoyl)
phosphine oxide (TPO) and lithium bis(trifluoromethane sulfoni-
mide) (LiTFSI) were purchased from Bide (China). Poly(ethylene
glycol) diacrylate (PEGDA; Mn = 700) were purchased from Sigma-
Aldrich (China).

4.2. Preparation of UV-ICE. UV-ICEs were fabricated by
photopolymerization. First, AUD, TPO, and LiTFSI were dissolved
in the BA−AUD mixture (BA/AUD = 8:2 w/w), forming a
transparent precursor solution. The mass percentage of TPO to BA
was 1 wt %. The content of LiTFSI was fixed at 10, 20, 30, 40, and 50
wt %. In some cases, 0.05 wt % Sudan I of the total weight of the
solution was used. Then, the solution was injected into a
polytetrafluoroethylene mold. UV-ICE was cured in 5 min by UV
light irradiation (wavelength 365 nm).

4.3. Preparation of the PAAm Hydrogel. The PAAm hydrogel
made of 80 wt % water and a 20 wt % acrylamide−PEGDA mixture
with a PEGDA/acrylamide mixing ratio of 0.625 wt % were prepared.
The self-prepared water-soluble photoinitiator 2,4,6-trimethylbenzoyl
diphenylphosphine oxide (TPO) at 0.5 wt % acrylamide was added
into water. The water-soluble TPO is now also commercially available
and can be directly purchased from Sigma-Aldrich (product nos.
906808 and 906816).

4.4. 3D Printing. The grid pattern in Figure 3a was printed using
a commercial 3D printer (405 nm, nanoArch S130, BMF Precision
Technology Co., China). The Octet truss structure in Figure 3b was
printed using a commercial 3D printer (405 nm, nanoArch S240,
BMF Precision Technology Co., China). The other printed structures
were printed on a self-built 3D printer with 405 nm UV light.

4.5. Mechanical Tests. The test was carried out by using samples
with a dimension of 15 mm × 5 mm × 1 mm under a 10 mm/min
strain rate. The tests were performed on an MTS uniaxial tensile
testing machine (Criterion Model 43) with a 100 N load cell.

4.6. FTIR Spectroscopy. The FTIR spectra were recorded using
an FTIR spectrophotometer (Thermo Nicolet iS50) from 400 to
4000 cm−1.

4.7. Electrical Characterization. The impedance−frequency
tests were performed on an electrochemical workstation
(CHI660E). The conductivity of the UV-ICE was then calculated
by σ = L/(SR), where L is the distance between the electrodes, S is
the cross-sectional area of the sample, and R the bulk resistance
measured by the multimeter. The bulk resistance of the samples was
measured by a precision LCR meter (TH2838H, test frequency: 1
kHz).

4.8. DSC Measurements. The measurements were performed on
a differential scanning calorimeter (TA DSC2500) via a scanning rate
of 10 °C/min from −80 to 100 °C under flowing N2.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c18954
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acsami.2c18954/suppl_file/am2c18954_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c18954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.9. TGA Measurements. The measurements were performed on
a thermal gravimetric analyzer (TG 209F1) via a scanning rate of 10
°C/min from 35 to 700 °C under flowing N2.

4.10. Rheological Measurements. The viscosity of all UV-ICE
samples was measured by using a rheometer (TA DHR3) with a
parallel plate geometry (diameter 20 mm, gap 200 μm). The gel point
and storage modulus of all UV-ICE samples were measured using a
rheometer (TA DHR3) with a parallel plate geometry (diameter 20
mm, gap 100 μm) to characterize the transition process from solution
to gel by UV irradiation. To perform these experiments, a UV light
source (405 nm, 8.4 mW/cm2) was attached to the rheometer.

4.11. Curing Thickness. First, the prepared UV-ICE precursor
solutions were sandwiched between two glass slides with a gap from
50 to 200 μm, and then the patterned near UV light (405 nm, 19.34
mW/cm2) was irradiated. The curing time was recorded when a
pattern could be visually observed.

4.12. 180° Peeling Tests. The tests were performed on an MTS
uniaxial tensile testing machine (Criterion Model 43) with a 100 N
load cell. Both the UV-ICE and dielectric elastomers were attached to
the backing layer (PET film) to constrain deformation. The UV-ICE
and dielectric elastomer are bonded in an area of 30 mm × 15 mm.
The tests were conducted at a constant peeling speed of 10 mm/min.

4.13. FEA. To predict the deformation on the hollow pyramidal
frustums, FEA simulations were conducted by using the commercially
available software package ABAQUS ((V6.14, Dassault System̀es
Simulia Corp., USA). We use the hyperelastic Mooney−Rivlin model
with strain energy density function to describe the nonlinear material
behavior of Agilus (Stratasys Ltd.). The material coefficients were set
as C10 = 0.224 MPa, C01 = −0.189 MPa, and D1 = 0.001 MPa,
which were obtained by fitting the uniaxial tensile experiments of
Agilus. The 3D model of the hollow pyramidal frustums was
constructed and analyzed on ABAQUS/Explicit (Simulia, Dassault
System̀es). The solid tetrahedron quadratic element (element type
C3D10M) was used to mesh the structures. The displacement was
applied to the rigid plate above the hollow pyramidal frustums to
simulate the quasi-static compression.
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