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DLP 4D Printing of Multi-Responsive Bilayered Structures

Philipp Mainik, Li-Yun Hsu, Claudius W. Zimmer, Dominik Fauser, Holger Steeb,
and Eva Blasco*

Advances in soft robotics strongly rely on the development and
manufacturing of new responsive soft materials. In particular, light-based 3D
printing techniques, and especially, digital light processing (DLP), offer a
versatile platform for the fast manufacturing of complex 3D/4D structures
with a high spatial resolution. In this work, DLP all-printed bilayered
structures exhibiting reversible and multi-responsive behavior are presented
for the first time. For this purpose, liquid crystal elastomers (LCEs) are used
as active layers and combined with a printable non-responsive elastomer
acting as a passive layer. Furthermore, selective light response is incorporated
by embedding various organic dyes absorbing light at different regimes in the
active layers. An in-depth characterization of the single materials and printed
bilayers demonstrates a reversible and selective response. Last, the versatility
of the approach is shown by DLP printing a bilayered complex 3D structure
consisting of four different materials (a passive and three different LCE active
materials), which exhibit different actuation patterns when irradiated with
different wavelengths of light.

1. Introduction

Active materials whose shape can be controlled on demand play
a crucial role in the development of biomedical applications,[1]
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microfluidics,[2] as well as actuators and
grippers in soft robotics.[3] Nature has
been an extraordinary source of inspi-
ration in this field. Notably, the de-
sign principles of many synthetic sys-
tems can be attributed to natural sys-
tems such as plants or animals, for
example, flower blossom, Venus fly-
traps, gecko’s feet, butterfly wings, or
chameleon camouflage.[4,5] One of the
simplest and most studied actuation sys-
tems using soft materials, both in simu-
lation and experiments, are bilayers.[4] Bi-
layers usually consist of two distinct ma-
terials joined at an interface that are able
to undergo bending. Often, an active and
a passive layer is combined. In particu-
lar, the use of stimuli-responsive materi-
als, such as responsive hydrogels[6] or liq-
uid crystalline elastomers (LCEs)[7,8,9–11]

as active layers, has been extensively ex-
plored within the last years. LCEs are

excellent candidates due to their unique properties such as re-
sponsiveness to stimuli, tunable strength, elastic modulus, as
well as multifunctionality.[12–14] Furthermore, using LCEs as ac-
tive layers offers a fast response without the necessity of an
aqueous environment.[12–14] Their response relies on a pro-
grammable anisotropy and its reversible switching between a
liquid crystalline state and an isotropic state,[12–14] which also
implies a volume and shape change in the direction of align-
ment of the liquid crystalline phase; and hence, a controlled
shape transformation.[12–14] In particular, successful bending ac-
tuation has been demonstrated on LCEs bilayers using different
stimuli.[7,11,15] For example, Schenning and coworkers reported
dual-stimuli responsive bilayer actuators consisting of a light re-
sponsive LCE and a magnetic responsive polydimethylsiloxane
(PDMS) containing iron particles.[11] Zhao and coworkers also
showed bending behavior by NIR and UV-light irradiation on bi-
layers composed of LCE containing gold particles as active layer
and polypropylene film as a passive layer.[7] However, the shape
of these LCE-containing bilayers has been limited mainly to pla-
nar 2D sheet-like rectangular shapes prepared by molding tech-
niques, and the study of complex 3D bilayer structures remained
unexplored.

Recent progress on 3D/4D printing technologies has opened
new possibilities enabling the fabrication of LCE structures with
geometries that were simply unattainable in the past.[16,17] The
fourth dimension refers to the possibility to change the shape or
other properties of the 3D printed object over time upon stim-
ulus. In particular, 3D printing techniques such as direct ink
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Figure 1. A) Schematic representation of the DLP 3D printing process. B) Models of the bilayers, consisting of LCEs and passive material, and multi-
material 3D structures investigated in the present work. C) Composition of the LC formulation including the LC monomer RM82, EDDT, and TATATO,
and BAPO as photoinitiator. D) Organic dyes incorporated in the LCE network and their absorption spectra in solution.

writing (DIW), extrusion-based methods, and light-based vat
photopolymerization have been recently exploited for the manu-
facturing of LCE-based 4D structures.[16] On the one hand, DIW
and extrusion-based methods have the advantages of enabling in
situ LC alignment during the printing process by applied shear-
ing forces.[18] Nevertheless, the resolution of the printed struc-
tures is limited to 100 μm by the nozzle diameter.[19,20] On the
other hand, vat photopolymerization techniques allow for higher
resolution and faster printing speed.[20] Within the last years, spe-
cial attention has been paid to the development of new promis-
ing LCE inks for two-photon laser printing (2PLP)[21,22] and dig-
ital light processing (DLP),[9,10,23] enabling the manufacturing of
complex micro- and macroscale 3D LC structures, respectively.
Particularly, DLP 3D printing offers fast printing speed benefit-
ing from its layer-by-layer fabrication while maintaining a high
resolution of down to 30 μm (Figure 1A).[24] One of the draw-
backs of the DLP technique is the lack of LC phase alignment
during printing. For this reason, recent reports on DLP printing
of LCEs have focused mainly on the development of in situ align-
ment procedures, for example, by platform shearing or switch-
able magnetic fields.[9,10] However, these examples concentrated
on the DLP 3D printing of “single,” temperature-responsive LCE
materials, and to the best of our knowledge, there is no example
of DLP 3D printed multi-material bilayered structures reported
so far.

Herein, we introduce a versatile approach to all-printed multi-
responsive actuators based on bilayered structures exhibiting
reversible and complex actuation patterns using DLP printing.
The structures consist of LCE as active layer and a printable
non-responsive elastomer as passive layer (Figure 1B). Multi-
response, and more specifically wavelength-selective light re-

sponse, is achieved by embedding various organic dyes exhibiting
absorption in different regions (from visible blue to near infrared
[NIR] spectral range). The reversible actuation of bilayers upon
heating or light exposure using different wavelengths is investi-
gated in-depth. Furthermore, we demonstrate the potential of the
presented approach by DLP printing a multi-material complex bi-
layered 3D structure which is able to execute three different bend-
ing patterns on-demand by irradiation at different wavelengths of
light.

2. Results and Discussion

When seeking to fabricate complex and responsive geometries
consisting of bilayered structures, the choice of the two compat-
ible and DLP printable materials was crucial. To achieve this, as
mentioned above, an LCE material was chosen as the active layer
and a commercially available, elastic DLP printable material ex-
hibiting a low Young’s modulus (MPa regime) was used as the
passive layer. The low Young’s modulus of the passive layer en-
sured the compatibility of the passive layer with the LC material
for successful bending. In the following paragraphs, the sequen-
tial steps starting from the rational design and characterization
of the active material to the responsive bilayer, and last, to the
fabrication of complex structure, are discussed.

2.1. Design and Printing of the Active Layer

Starting with the active material, we chose a main-chain LCE sys-
tem consisting of a diacrylate-functionalized mesogen and dithiol
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for chain extension. In a first step, the diacrylate-functionalized
mesogen (RM82) and dithiol (EDDT) were oligomerized in the
presence of triethylamine (2 wt%) and a multi-arm crosslinker
(TATATO).[9] BHT (2 wt%) was added to this mixture to increase
the thermal stability by acting as a radical scavenger. Subse-
quent photopolymerization in the DLP 3D printing process was
achieved by addition of BAPO (2 wt%) acting as photoinitiator
(Figure 1C). The addition of toluene as solvent was necessary to
reduce the viscosity of the ink for subsequent DLP 3D printing.
After oligomerization and stirring overnight, a Jacob’s working
curve was recorded using the LC formulation in a commercial
DLP printer (Asiga Max X, 𝜆 = 385 nm, I = 7.5 mW cm−2) to
acquire the best printing parameters (Figure S1, Supporting In-
formation). An exposure time of ≈ 5 s for a layer thickness of
100 μm was found to be optimal for printing.

In addition to the intrinsic temperature response of the LCE,
we have further explored the possibility of incorporating selec-
tive light response by embedding various organic dyes absorbing
at different regimes as photoabsorbers in a post-printing step.
By doing so, a photothermal phase transition from the nematic
to an isotropic state can be induced upon irradiation at suit-
able wavelengths where the dyes exhibit absorption. In particular,
three different classes of dyes covering the whole visible to NIR
spectral range, namely azobenzene, anthraquinone, and cyanine,
were employed in this procedure. For this purpose, a push–pull
azobenzene dye bearing nonyl alkyl chains for solubility was syn-
thesized for its absorption maximum at 437 nm in the blue visible
spectrum.[21] The anthraquinone dye Sudan Blue II (SBII) and
the cyanine dye IR-780 iodide (IR780) are commercially available
and show an absorption band around 620 and 780 nm, respec-
tively (Figure 1D). The incorporation of these dyes was accom-
plished by immersing a DLP printed LCE in a dye solution (0.1
wt%) of chloroform for IR780 or toluene for Azo and SBII. In de-
tail, this was facilitated by significant swelling of the LCE mesh
in the solvents (swelling ratios Sm = 2.6 and SV = 3.4 in toluene
and Sm = 9.8 and SV = 6.8 in chloroform), allowing thorough
physical penetration of the dyes into the matrix. After removal
of the solvent, the dyed samples recovered their initial dimen-
sions. The successful entanglement of the dye in the LCE net-
work was indicated by drastic color changes (Figure S2, Support-
ing Information). With this procedure, we avoided the challenges
of using dyes in the final ink, such as solubility and photosta-
bility, as well as the compatibility with the LCE ink. The effect
of the dye in the LC printed materials was studied by differen-
tial scanning calorimetry (DSC). The LCE (without dye) exhib-
ited an endothermic nematic-to-isotropic transition temperature
(TNI) at ≈60 °C (Figure S3, Supporting Information). It was found
that these post-printing processes did not alter the LC behavior
of the material and only resulted in a slightly higher nematic-to-
isotropic transition temperature (TNI) of LCE at 67.3 °C for Azo,
67.7 °C for SBII, and 69.5 °C for IR780 (Figure S3, Supporting
Information).

2.2. Characterization of the LCE Printed Layers

The next step was the in-depth characterization of the active
printed LCE layers. For this purpose, 3D rectangular strips
(10 mm × 3 mm × 1 mm) were printed using the optimized

formulation and printing parameters. To enable actuation in the
desired direction, unidirectional stretching of the material with
a force of 0.2 N leading to uniaxial alignment of the LCE net-
work was applied (Figure S4, Supporting Information). The suc-
cessful alignment was verified by polarized optical microscopy
(Figure S5, Supporting Information). The alignment also affected
the optical properties of the macroscopic material which turned
from opaque to transparent. Upon removal of the uniaxial force,
the strips remained in a stretched state with L/L0 = 1.4 with
L0 and L being the lengths in the initial and deformed, that
is, stretched configuration, respectively (Figure 2A,B; Figure S4,
Supporting Information). The material behavior upon stretching
was in agreement with previously reported polydomain LCEs in
literature.[25]

First, the temperature response of the reference printed sam-
ples was investigated. In particular, two different experiments
were conducted: In a first experiment, the stretched LCE printed
samples were placed on a heating plate with the aim to study the
shape recovery while heating to 70 °C (above TNI) (Figure 2A).
The elongated LCE fully contracted to the printed length upon
heating to 70 °C within seconds. After allowing the strip to cool
to room temperature, the process of programming and recov-
ery could be repeated for at least six times without any notice-
able change (Figure S6, Supporting Information). In a second
experiment, the stretched LCE printed strips were kept at con-
stant length and heated to 70 °C, while the change in the uniaxial
mechanical properties had been monitored using a rheometer.
Harmonic uniaxial excitations had been applied at a frequency
of 1 Hz and with an amplitude in the linear viscoelastic regime.
It was found that the stretched reference LCE possesses a stor-
age modulus E’ of 1.4 MPa at room temperature corresponding
to the expected soft material properties for LCEs (Figure 2C).[14]

Upon heating, the storage modulus E’ decreased by around an
order of magnitude (from 1.4 MPa to 230 kPa). Interestingly, the
dyed LCEs showed slightly larger storage moduli E’ of 2.8 to
5.3 MPa at room temperature (Figures S7–S9 and Table S1,
Supporting Information). The decrease in E’ in all the samples
is related to the loss of liquid crystallinity upon phase transi-
tion from the aligned nematic to the isotropic state (Figure 2C;
Figures S7–S9, Supporting Information).

Having characterized the temperature response, the light re-
sponse of the dyed active printed layers was investigated. For
this purpose, the printed specimens containing the different dyes
were first stretched to the elongated states using the same proce-
dure. After pre-conditioning, the samples were irradiated for 5
min and the complex Young’s modulus E* was measured with
constant frequency and amplitude (Figure S10, Supporting In-
formation). The normalized E* (against maximum value) of the
irradiated samples is depicted in Figure 2D. The irradiation wave-
length for each dyed DLP printed LCE was selected according to
the absorption bands of the dyes in solution being 459 nm for
Azo, 622 nm for SBII, and 850 nm for IR780. It was observed
that after irradiation the (absolute value of the) complex Young’s
moduli E* of the dyed LCEs decreased instantaneously by more
than an order of magnitude to an absolute value of 300 kPa,
indicating the successful phase transition to the isotropic state
(Figure S10, Supporting Information). Recording the irradiated
dyed LCEs with a thermal camera revealed a rise of the surface
temperature from 25 °C to more than 100 °C (Figures S11–S13,
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Figure 2. Characterization of the temperature and light response of the DLP printed LCE material. A) The reference blank LCE (10 mm × 3 mm × 1
mm) is stretched to induce alignment (the monodomain phase). Heating to 70 °C yields a phase transition to the isotropic state which results in the
contraction of the active material. B) A DLP printed LCE (10 mm × 3 mm × 1 mm) doped with Azo is stretched. Upon irradiation at 459 nm, contraction
of the active material is observed. Rheological measurements of the printed samples C) at different temperatures and D) upon light irradiation at the
corresponding wavelengths.

Supporting Information). Switching off the light source led to an
instantaneous first fast recovery which was followed by a slower
recovery due to thermal conductivity of the LCEs yielding the ini-
tial Young’s moduli. The behavior was similar for the different
LCE samples with incorporated dyes. However, a slower recov-
ery was observed for the LCE printed sample containing IR780
because the temperature reached in this experiment was higher
(Figure S13, Supporting Information)

2.3. Bilayer Actuators

Once we optimized and characterized the active layers, we pro-
ceeded with combining the above studied LCE material with a
non-responsive 3D printable elastomer which could act as a pas-
sive layer in bilayers. For the latter, we selected a commercially

available DLP printable ink (FormFutura Engineering LCD Se-
ries Flex 82A Resin Clear). This material exhibits a low stor-
age modulus of 3.3 MPa (Figure S14, Supporting Information),
which is in the similar range as our printed LCEs; and therefore,
compatible for the fabrication of the aimed bilayers. As before,
the printing parameters of the passive ink were selected based
on a recorded Jacob’s working curve (Figure S15, Supporting In-
formation) upon UV irradiation (𝜆= 385 nm, I= 2.27 mW cm−2).
With the optimized printing parameters for both materials, the
final bilayers were prepared by adhering the stretched active layer
to the passive layer (see details in the Experimental section).

Next, the response, that is, bending of the printed bilayer struc-
tures to external stimuli was studied. Similar as above, we first
focused on the temperature response using the bilayer with the
blank reference LCE active layers (Figure 3A). In a first experi-
ment, the bilayered structures were placed in a water bath with
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Figure 3. Characterization of the bending behavior of the bilayers with temperature and light irradiation. A) Schematic representation and photographs
of the blank LCE bilayer upon heating. B) Bending of blank bilayers with varying LCE thickness in a water bath (70 °C). C) Schematic representation and
photographs of the dyed bilayers upon irradiation at different wavelengths. D) Bending of SBII dyed bilayers with varying LCE thickness upon 622 nm
light exposure. E) Wavelength-selective light-response of prepared multi-responsive bilayers with 1.00 mm LCE thickness containing the three different
dyes. Scale bar: 5 mm.

varying temperatures from 40 °C to 80 °C. The largest change
in curvature from 0.07 to 0.17 mm−1 was observed between
50 °C and 65 °C in the heating and cooling cycle (Figure S16,
Supporting Information). This temperature range corresponds
to the nematic-to-isotropic phase transition TNI previously deter-
mined by DSC, meaning the maximum degree of actuation is
reached after the phase transition. The bilayers with dyed LCEs
showed higher curvatures upon heating compared to the blank
LCE bilayers (Figure S16, Supporting Information). In addition
to the temperature response upon slow heating (≈1 °C min−1),
we have analyzed the time response of the process by placing
the bilayers directly inside a water bath which was pre-heated to
70 °C (Figure 3B). The analyzed bilayers (blank and with the three
dyes) showed similar response times ranging from 6 to 8 s and
maximum curvatures of 0.18–0.22 mm−1 (Figure 3B; Table S3,
Supporting Information). The recovery times were 12–14 s and
higher than the response times due to different heat conductivi-
ties of air and water in the experimental setup when introducing
or removing the bilayer.

By varying LCE layer thickness in the bilayers from 0.5–
1.0 mm, two effects in the response were observed. Reducing
the LCE layer thickness, i.e., increasing the ratio of responsive
to passive layer thickness, led to i) shorter response and recovery
times with 4–7 s correlating with faster heating and cooling of the
bilayers, and ii) a lower maximum in curvature upon stimulus
(Figure 3B; Table S3, Supporting Information). These observa-
tions are in good agreement with a previously reported theoretical
model derived by Timoshenko for bilayer bending structures.[26]

Thus, the influence of the layer thickness on the response inten-
sity can be used for careful design of the desired actuation system.

In a next step, the light response of the bilayers incorporating
dyes in the LCE was analyzed (Figure 3C). The bilayers were ir-
radiated with three selected LED wavelengths corresponding to
the main absorption bands of the dyes in solution, respectively.
In a first experiment, we irradiated the blank reference bilayers
with the selected LEDs and did not observe any response, as ex-
pected (Table S4, Supporting Information). In contrast, reversible
bending and unbending of the dyed bilayers were detected, prov-
ing the light response due to the incorporated dyes (Figure 3D;
Table S4, Supporting Information). The response and recovery
times for 90% of curvature change were reached within 30–60
s after switching on or off the light (Figure 3C; Table S4, Sup-
porting Information). By altering the LCE thickness (0.5, 0.7,
and 1.0 mm), the dyed bilayers followed the trend of the Tim-
oshenko equation, similar to the previously analyzed tempera-
ture response (Figure S17, Supporting Information); though, in-
creasing the LCE layer enhanced the bilayer response making the
curvature tunable between 0.20 and 0.26 mm−1. It is notewor-
thy that the detected curvature upon irradiation was higher than
in the temperature response experiments. The larger curvature
resulted from the larger temperature of the LCE in the experi-
ment upon irradiation, as stated before. The higher temperature
influences the mechanical properties of the LCE by reducing its
Young’s modulus. Remarkably, no significant changes in bend-
ing behavior were detected for all investigated bilayers in multiple
actuation cycles (six cycles), proving the absence of considerable
photobleaching, as well as a good longevity and reversibility of
the process (Figures S18–S20, Supporting Information).

Importantly, in addition to the irradiation with correspond-
ing wavelengths, we analyzed the wavelength-selectivity of the
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Figure 4. Octopus-inspired DLP printed gripper-like multi-material structure. The gripper is prepared by combining A) a support structure with B) eight
differently dyed printed LCE strips. The gripper shows a variety of distinct actuation patterns depending on the wavelength used for irradiation: C) Upon
irradiation at 459 nm, the three differently dyed LCEs absorb; and therefore, all eight arms can be actuated. D) Upon irradiation with 622 nm light, the
arms with SBII- and IR780 dyed LCEs bend selectively and E) at 850 nm, only the two opposite arms with IR780 dyed LCE layers bend. Scale bar: 1 cm.

bending motion. To this aim, each dyed LCE bilayer was irradi-
ated with the three different light sources: a blue (459 nm), red
(622 nm), and NIR (850 nm) LED. The Azo dyed LCE bilayers
bent exclusively upon irradiation with the blue (459 nm) LED,
and no actuation was observed using red (622 nm) and NIR (850
nm) LED irradiation. In the case of SBII dyed LCE bilayers, bend-
ing upon irradiation with the red LED was observed, as expected,
because it lies in the absorption maxima of the dye. However, ef-
ficient actuation was also observed when irradiated with the blue
LED despite the low absorption of the dye in this region. No bend-
ing was observed upon NIR LED irradiation. The IR780 dyed LCE
bilayers showed bending upon irradiation with the three LEDs
(blue, red, and NIR). The bending using blue and red light was
also remarkable, despite the low absorption in the visible regime.
Summarizing the wavelength selective observed (Figure 3D): us-
ing blue light (459 nm), the three bilayers can be actuated. By irra-
diation with red light (622 nm), SBII and IR780 dyed bilayers can
be activated but not the Azo dyed bilayers. When irradiating with
NIR light, only IR780 dyed bilayers yield a bending deformation.
In addition, we also incorporated multiple dyes into DLP printed
LCEs and showed the expected behavior (Table S5 and Figures
S21–S26, Supporting Information).

2.4. Design and Printing of the Active Layer

The observed wavelength-selectivity was exploited for the fabrica-
tion of multi-material 3D structures to enable a new dimension
of control over the actuation by using different irradiation wave-
lengths. Mimicking complex single moving octopus tentacles in
nature, we designed a centimeter-sized gripper-like structure to
prove the concept of wavelength-selective actuation patterns.

For this purpose, an eight-arm support structure was DLP 3D
printed using the commercial passive elastomer (Figure 4A). In
a second step, we 3D printed eight active LCE strips (8 mm ×
3 mm × 1 mm) with dimensions fitting in their stretched state

to the arms of the support material (12 mm × 3 mm × 3 mm).
The active layers were subsequently functionalized with Azo
(4×), SBII (2×), and IR780 (2×), adhered onto the arms of the
passive material support to yield a multi-material 3D structure
(Figure 4B) and irradiated with three different wavelengths. By
using the blue light irradiation source (459 nm), the bending of
all arms was possible, showing the activation of all the dyed LCE
materials, as proved before. When shifting to red light (622 nm),
four out of eight arms were actuated because only the SBII and
IR780 dyed arms were activated, while the four Azo dyed arms
stayed inactive. Irradiating the gripper with the NIR LED emit-
ting at 850 nm, the two opposite arms of the IR780 dyed LCE
could be selectively activated and the Azo and SBII dyed arms
remained flat. Thus, it was demonstrated that fine tuning the ir-
radiation wavelength provides us with full control of achievable
bending patterns.

3. Conclusion

We have presented a new approach for the fabrication of
all-printed multi-responsive bilayered structures exhibiting re-
versible and complex actuation patterns using DLP as manufac-
turing technology. Versatile tailoring of the light responsiveness
was easily performed by post-processing, avoiding tedious work
with formulation and printer parameter optimization for all ma-
terials. This method was successfully employed for the prepa-
ration of LCEs with wavelength-selective behavior. Combining
these printable multi-responsive LCE materials with passive ma-
terials into bilayers can be used as a modular approach enabling
the design of a plethora of actuation patterns. In the near fu-
ture, further efforts will be made in combining our presented
system with reported in situ alignment methods suitable with
DLP printing and by embedding other functionalities with our
post-printing process. We believe that this work highlights the po-
tential of 3D printing for the fabrication of new active structures
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and paves the way toward the design of complex multi-material
structures for soft robotics.

4. Experimental Section
Chemicals and Materials: 1,4-Bis[4-(3-acryloyloxyhexyloxy)

benzoyloxy]-2-methylbenzene (RM82) was purchased from SYN-
THON Chemicals GmbH & Co. KG. Formfutura Clear resin was
purchased from 3Dmensionals/PONTIALIS. 1,3,5-Triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)trione (TATATO), 2,2-(ethylenedioxy)diethanethiol
(EDDT), 2,6-di-tert-butyl-4-methylphenol (BHT), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), IR-780 iodide (IR780),
Sudan Blue II (SBII), and triethylamine (TEA) were purchased from
Sigma–Aldrich. All solvents were supplied from either Sigma–Aldrich or
Fisher Scientific unless otherwise mentioned. All commercial materials
were used as received without further purification. The azobenzene
dye Azo was synthesized and purified according to a previously re-
ported method.[21] Light sensitive compounds such as acrylates and
photoinitiators were stored in the dark and handled under yellow light.

LC Ink Preparation: RM82, EDDT, and TATATO were mixed in a molar
ratio of 1.000:0.800:0.133 and dissolved in toluene (100 wt% - compared to
RM82). After addition of BHT (2 wt%), BAPO (2 wt%), and triethylamine
(2 wt%), the mixture was heated to 70 °C and stirred at this temperature for
2 h. Oligomerization was carried out in amber flasks. The flask was allowed
to cool to room temperature at which time, the mixture was stirred for
18 h and used for DLP 3D printing.

Jacob’s Working Curve: Prior to DLP printing, Jacob’s working curves
were recorded for LCE and Formfutura Clear by irradiating resin drops on
a 0.16 mm thin glass slide with a UV-emitting LED (385 nm) in the DLP
printer with different irradiation times at fixed intensity. The irradiated cir-
cular spot size was set to 5.00 mm in diameter. The intensity of the LED
was adjusted to calibrate a cure depth of 0.10 mm for subsequent DLP
printing in a time range between 3 and 8 s. Unpolymerized resin was re-
moved with isopropanol and acetone for both materials. After drying the
material carefully under nitrogen flow, the thicknesses of the polymer films
were determined using a digital caliper (precision: 0.01 mm).

DLP Printing: DLP printing was performed with a commercial Asiga
MAX X with an integrated UV-emitting LED at 385 nm with a pixel res-
olution of 27 μm. 3D models were created with the open-source model
software Blender 2.90 and exported as stl files. These files were uploaded
to the Asiga Composer Software together with the customized initiation
files based on the experimentally determined Jacob’s working curve. A cus-
tomized platform and vat were used to reduce ink usage and enable 3D
printing with 4 to 5 mL of resin for printing of the LCE. Models were printed
with a slice thickness of 0.10 mm at 25 °C. Unpolymerized resin was re-
moved by rinsing with isopropanol and acetone for all printed structures.
After development, all materials were dried in a vacuum oven at 25 °C for
18 h and stored protected from light. Polymer samples were dried in a
Thermo Scientific Vacutherm vacuum oven. Irradiation intensity was mea-
sured with a PM100D power meter from Thorlabs.

Dye Immersion: For dye incorporation, Azo and SBII were dissolved in
toluene solutions, and IR780 in a chloroform solution. Dye immersion in
the LCEs was performed by placing LCE strips in these solutions with dye
concentrations of 0.1 wt%. After 24 h, the solvent was removed, and the
strips were dried in a vacuum oven for 1 h. The dyed strips were washed
and kept with isopropanol (4 × 1 h) and dried in the vacuum oven for
18 h. Note: the blank samples were treated with the same procedure using
pure organic solvents.

Preparation of Bilayers: Passive layers with dimensions of 15 mm ×
3 mm× 0.7 mm and active (dyed) layers with 10 mm× 3 mm with different
thickness were printed using DLP in order to study the influence of the
active layer thickness on the bending behavior. The length of the printed
passive layer corresponded to the length of the elongated active (dyed)
layers in the programmed state, that is, stretched state with L/L0 = 1.4. In
detail, LCE strip ends of the longer axis were fixed with paper clips between
two glass slides. The strips were stretched by attaching a glass vial filled

with 20 g of sand on the lower paper clip. The stretching of the strips was
performed for 1 min until the weight, paper fold clips, and glass sides
were removed. The stretched LCE strips were adhered to Formfutura Clear
strips with a UV-curable glue (Norland UV Sealant 91). The bilayer was
photocured for 30 min in an Asiga Flash UV chamber.

Analysis of Stimuli Response: Analysis of the stimuli responses was car-
ried out using videos recorded with a Xiaomi Redmi Note 9 Pro. Snapshots
of the recorded videos were extracted using the software FFmpeg 4.4.1
and further calibrated and analyzed with ImageJ 1.53j. Curvature was de-
termined by selecting three points at the interface between passive and
LCE layer to generate a circle. The curvature 𝜅 was determined with im-
age analysis by fitting a circle to the three points (Figure S27, Support-
ing Information). Temperature response was measured with a water bath.
Light response experiments were performed using an Osram OSTAR High
Power Projection LED with emitting wavelengths of 459 and 622 nm, as
well as an OSRAM IR OSLON Black 16 Cluster for IR light with an emitting
wavelength of 850 nm. Intensities used for irradiation were 0.16 W cm−2

(459 nm), 0.25 W cm−2 (622 nm), and 0.67 W cm−2 (850 nm). Response
and recovery times were determined as 90% of the total curvature change.
Data processing was performed with Origin 2022.

Preparation of Multi-Material Gripper: A passive gripper-like support
with eight 10 mm × 3 mm × 10 mm arms was printed with the Formfu-
tura Clear resin. Eight LCE strips with dimensions of 6 mm × 3 mm ×
1 mm were printed. Two of these films were immersed in a SBII or IR780
dye solution (0.1 wt%), respectively. Four of the remaining eight LCE strips
were immersed in an Azo dye solution (0.1 wt%) in toluene. After drying
all eight strips and washing them with isopropanol (four times), they were
elongated to L/L0 = 1.4 following the stretching procedure. The elongated
strips were glued with a UV-curable glue to the arms of the passive printed
gripper-like support. The multi-material structure was photocured for
3 min in an Asiga Flash UV chamber.

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