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Reprogrammable 4D Printed Liquid Crystal Elastomer
Photoactuators by Means of Light-Reversible Perylene

Diimide Radicals

Lorena Montesino, Jesus I. Martinez, and Carlos Sdnchez-Somolinos*

Reconfigurable soft actuators can be programmed to morph into different 3D
shapes under the same stimulus exhibiting great potential for adaptive
robotic functionalities. Liquid crystalline crosslinked materials programmed
and controlled by light have demonstrated great potential in this area,
however, their implementation is mainly based on azobenzene chromophores,
using ultraviolet light that can potentially damage the device and its
surroundings, especially if living cells are present. Here, an ink is presented,
containing a green-absorbing perylene diimide chromophore, to prepare light
active liquid crystalline elastomer (LCE) actuators via direct ink writing. Green
light irradiation of the LCE elements leads to photothermal actuation, but also
to new absorption bands in the far-red and near-infrared, ascribed to the
formation of radical species. Far-red irradiation results in mechanical
actuation and, advantageously, a recovery of the original absorption spectrum.
This reversible transformation enables spatial reconfigurability of the
actuator’s response to far-red light. The reconfigurable system gives access to
complex deformation modes by simply exciting the element with
homogeneous far-red light, without the need for any structural modification of
the actuator. This material strategy, using green and far-red light, less harmful

1. Introduction

Reproducing the wide variety of delicate
and highly complex movements observed in
nature has been one of the most sought-
after goals in the field of soft robotics
in recent years.'™ Liquid crystal elas-
tomers (LCEs) are being widely explored
as one of the main families of materi-
als to reach this objective.>!!l When ex-
posed to appropriate external stimuli, such
as for example heat or light, these materi-
als exhibit large anisotropic mechanical re-
sponses because of the change in the molec-
ular order of the liquid crystal constituent
molecules. In this way, an increase in tem-
perature induces liquid crystal disorder in
the system leading to contraction along
the molecules’ preferential orientation di-
rection, the director n, while the system
expands in the orthogonal directions.['2-14]
The control over the configuration of the
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director, which can be achieved with a
high degree of complexity, has been thor-
oughly explored as a tool to prescribe the
modes of actuation in LCEs.['>"?0] Differ-
ent approaches have been developed for
this purpose, including those processing
methodologies based on surface-enforced
techniques, field-assisted procedures, mechanical tools, and rhe-
ological strategies.!l Among rheological methods, 4D printing
has recently arisen as a promising technique to digitally define
a given director pattern in the LCE actuator.???°] Nevertheless,
all the previously mentioned processing techniques typically re-
sultin single-mode actuators, when using a single material in the
preparation and a homogeneous stimulus in the excitation. This
aspect supposes a strong constraint to attain the multitude of de-
grees of freedom of the natural movements that are to be emu-
lated. Living organisms display adaptive movements that can vary
depending on environmental inputs. Therefore, it is highly desir-
able to create multimodal soft actuators, that can be programmed
to change their shape morphing mode even in front of a single
and homogeneous stimulus. This approach, which brings us one
step closer to simulating the multitude of movements that we ob-
serve in nature, might directly be associated with a reversible pro-
gramming step of the actuator. In this context, the development

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:carlos.s@csic.es
https://doi.org/10.1002/adfm.202309019
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202309019&domain=pdf&date_stamp=2023-10-20

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

of ways for easy and reconfigurable programming of the material
becomes meaningful.

The most frequent reconfiguration strategies in stimuli-
responsive systems are based on the modification of covalent
bonds or the introduction of molecular changes.[?-**] The lo-
cal application of such changes, typically mediated by chemi-
cal reactions, presents significant challenges, being therefore not
straightforward to achieve a simple and spatially well-defined re-
configuration of the modes of actuation. To tackle this setback,
light-mediated programming processes burst in as a powerful
strategy, being able to induce the previously mentioned mod-
ification of bonds, as well as to trigger other conformational
modifications of photoswitches such as the hemithioindigos or
azobenzenes, with high spatial and temporal control.3*¢] Focus-
ing on these last ones, the light-induced conformational change
between the trans and the cis state of azobenzene units incor-
porated into the polymeric network can disrupt the original lig-
uid crystal order, leading to a structural modification of the ma-
terial. The photochemical generation of long-lived cis isomers
in the material has been used as a programming tool, as this
change introduces modifications in the mechanical properties of
the irradiated material. Subsequent photothermal stimulus in-
duces actuation of the system and therefore a shape morphing
that is conditioned by the programming step. After the actuation
step, it is possible to reconfigure the system again by perform-
ing a new programming step toward a new actuation mode.”]
The use of these photochemical switches presents the advan-
tage of having a high spatio-temporal control of the reconfigu-
ration, as the conversion between the two states of the molecules
can be achieved through a photochemical path with the light
of two different wavelengths, which are usually in the range of
the ultraviolet (UV) and visible (Vis) regions of the electromag-
netic spectrum. However, the use of these well-extended two-state
molecules in one of the main fields in which the application of
soft robotics is crucial, biomedicine, can be precisely limited by
the light bands which they can absorb.*® When living cells are
involved in the operation of biomedical devices, UV light, which
would be needed to control the deformation of actuators, could
damage the genetic material of the cells, inducing mutations that
could alter cell behavior and even trigger apoptosis processes.!!
Thus, an effort needs to be done on shifting the absorption peaks
of molecular switches to less harmful wavelengths in the visi-
ble or infrared (IR) part of the spectrum.3*401 Advantageously, IR
light represents not only an innocuous source of light for cells,
but it also takes benefit of the near-infrared (NIR) windows of
the biological tissues.[*!! This condition makes the Vis-IR region
quite appealing for biological applications. This aspect has led re-
search to focus on the development of molecules capable of oper-
ating in this region of the spectrum, which can be incorporated
into solid matrices, as in the case of the indigo chromophore and
its derivatives.[*?]

Herein, we report the development of a printable ink, based
on a perylene diimide chromophore, to prepare light-driven and
light-reconfigurable LCEs. The photoactive film presents a strong
absorption in the green region of the visible spectrum, therefore
leading to shape changes triggered by photothermal effects un-
der green light. Concurrently, we have observed that this expo-
sure to green light results in a change in the absorption spectrum
of the material, with the appearance of strong absorption bands
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in the far-red and NIR. This opens the possibility to induce de-
formation via photothermal effect with light in these regions of
the spectrum. Advantageously, immediate irradiation of the LCE
with light in these far-red or NIR bands reverts the system to its
original absorption spectrum. This light-induced conversion of
the material between two states of different absorption, together
with the ability of 4D printing to digitally define the director, can
give access to reconfigurable complex actuators leading to differ-
ent accessible shape morphing states under homogeneous irra-
diation with a light source in the far-red or NIR regions of the
spectrum.

2. Results and Discussion

2.1. Ink Preparation

To obtain the LCE actuators under study in this work, inks
composed of a reactive liquid crystalline macromer with acry-
late groups at the extremes of the chain polymer and a pho-
toinitiator molecule were first prepared. Details on the chem-
ical composition are shown in Figure 1A. The LCE oligomer
was synthesized by the Michael addition of n-butylamine to the
mesogenic diacrylate RM82 in a 1:1,02 molar ratio as previ-
ously reported.[?)] The slightly lower stoichiometric amount of
n-butylamine compared to diacrylate allows both reaching long
macromer chains that facilitate to get a proper alignment of the
polymer chains during the printing process, and retaining acry-
late functionalities at the end of the polymeric chains that en-
able the polymerization in a second step mediated by a light-
initiated free-radical photopolymerization. The choice of this ra-
tio between the two components seeks the formation of less
cross-linked final elastomeric systems to obtain significant actu-
ation at temperatures that can be typically achieved at reason-
able light intensities when dyes are incorporated into the sys-
tem. As a trigger molecule for the photopolymerization process,
IRG369 was added in a proportion of 1 wt.%. Such selection was
done based on previous results of the group, leading this per-
centage to effective elastomer formation.[?* As photoactive unit
to transduce light into heat in our LCE, a perylene dye, N,N’-
Bis(2,6-diisopropylphenyl)—3,4,9,10-perylenetetracarboxylic Di-
imide, also known as Perylene Orange (PO), was selected due
to its strong absorption in the green region (Figure S1, Support-
ing Information), and its proven compatibility with liquid crystal
(LC) systems.[*}] Therefore, a green light-emitting diode (LED)
with peak emission at 525 nm was chosen as a light source to
stimulate the system. Different percentages of dye have been in-
corporated as will be detailed later.

2.2. Printing and Photopolymerization Process. Photochemistry
Assessment

The LCE actuators were prepared using a printing equipment de-
veloped in our group, consisting of a CNC router coupled to a
fluid dispenser, as described in the Experimental Section.[?)] The
ink was extruded through a printhead at 70 °C and deposited on a
PVA-coated glass substrate. Lines of the ink were closely printed
(200 pum distance) to lead to continuous strips generated by the
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Figure 1. Reconfigurability of 4D printed LCE photoactuators using perylene orange: A) Chemical structure of the ink components including macromer,
photoactive unit and photoinitiator. B) Conceptual representation of the printing and photopolymerization process under UV light. C) Color change
observed when irradiated with green and, immediately after, with far-red light. Photographs show the change in the color of the actuator after irradiation
with light of different wavelengths. The original sample (C1) turns into a dark red when exposed to green light (525 nm, 280 mW cm~2) (C2), and
after irradiating with far-red light (740 nm, 450 mW cm™2), it recovers its original orange color (C3). D) Absorption spectra of a 60 um thick actuator.
The black dotted line represents the original spectrum, whilst the continuous green one shows the spectrum of the actuator after being irradiated with
green light (525 nm) of 280 mW cm~2 for 2 min. The continuous red line represents the spectrum of the actuator after being irradiated with far-red
light (740 nm) of 450 mW cm~2 for 2 min, immediately after the green light exposure. E) EPR spectra carried out at similar stages as the UV-vis-NIR
spectrum. The green EPR signal was the one detected right after the green light exposition, corresponding to the fast-decaying radical species whereas
the red one represents the signal detected after being irradiated with far-red light (740 nm) of 450 mW cm~2 for 2 min, immediately after the green
light exposure. F) Conceptual representation of the reconfiguration process of the material under study. Originally, the LCE actuator is sensitive to green
light, showing almost no absorption in the far-red or NIR regions. The irradiation with green light induces the appearance of absorption bands in the
far-red and NIR region, making the material sensitive to light in these regions of the electromagnetic spectrum. When the material is irradiated with
far-red light, immediately after the green exposure step, the film not only recovers its initial spectrum, but also could modify its dimensions due to the
photothermal effect.

fusion of these adjacent lines. As it is now well-known, the shear
forces and/or elongational flow during the printing process favor
the orientation of the polymeric chain, and therefore of the meso-
gens, along the movement direction of the needle. This align-
ment behavior was confirmed in our system for the employed
printing conditions, by observing the printed samples using a po-
larization optical microscope (POM) (Figure S2, Supporting In-
formation). These observations are consistent with previously re-
ported studies, indicating LC director alignment along the print-
ing direction.[?*] This phenomenon thus provides digital control
of the morphology of the printed material.

Once deposited, the ink is photopolymerized by exposing it to
UV light as conceptually shown in Figure 1B, leading to the final
LCE that retains the director morphology initially imposed dur-

Adv. Funct. Mater. 2024, 34, 2309019 2309019 (3 of 12)

ing printing. Gel fraction tests were performed with all the ink
batches prepared in this work, obtaining values ~#90%, indicating
a good efficiency of the polymeric network formation process.

Remarkably, a color change of the sample, from the original
orange to purple, was observed after being exposed to UV light
to photopolymerize (Figure S3, Supporting Information). After
24 h at room temperature (RT) and ambient conditions, the sam-
ple recovered an orange color which remains stable over time.
Previously published studies carried out in systems containing
perylene dyes suggest that this color change upon UV irradia-
tion may be associated with a radical formation process in these
molecules.l**] For all the experiments presented in this work, the
samples were left 24 h in darkness after UV curing so the sample
recovered the initial orange color.
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Once the perylene-doped LCE elements were prepared, pre-
liminary actuation experiments carried out using green light
(525 nm), at the absorption maximum of the PO dye, showed
a new color change of the LCE sample, from original orange to a
rather dark red, after this irradiation step. Trying to understand
the ongoing changes in the material, we have performed UV-
vis-NIR spectroscopic studies on LCE samples prior to and after
exposure to green light. Inks with 0.5 wt.% dye have been chosen
for these initial experiments as they lead to printed LCE samples
with optical densities well suited for optical absorption character-
ization. Prior to irradiation with green light, the sample presents
an absorption spectrum that resembles that of the dye in solution,
except for a small background absorption in the 600 to 800 nm
region (vide infra). Upon illumination with green light of 280
mWem~2 for 30 s, the actuator (60 pm) also experienced a color
change toward a dark red (Figures 1C1-C3, Supporting Informa-
tion). Light absorption characterization of the sample just after its
irradiation with green light revealed a significant decrease in the
absorption at 530 nm while new absorption bands appeared in
the far-red and IR region (Figure 1D). After 30 min in darkness,
these new absorption bands strongly decreased and completely
disappeared after 24 h. Nevertheless, even though the main peak
in the visible region (at 530 nm) retrieved its shape, it did not
reach its original height, having a 15% of non-recovery after 30
min of relaxation in darkness, a loss value that remained after
24 h (Figure S4A, Supporting Information).

Notably, in a similar experiment, in which exposure of the ac-
tuator to a subsequent far-red light (740 nm) irradiation of 2 min
at 450 mW cm™2, is carried out just after green light exposure,
a recovery of the band in the green region (within 1%) was ob-
served while the strong far-red and IR bands completely disap-
peared (Figure 1D). A similar experiment was conducted substi-
tuting the far-red light exposure step with a NIR exposure with
light coming from a LED with an emission peak at 850 nm, find-
ing that this wavelength also accelerates the recovery of the orig-
inal orange color of the material.

The results obtained from these spectroscopic experiments
were thought to be related to the appearance of radical species
previously reported in other works based on green light irradi-
ated perylene molecules.[**¢] To confirm this hypothesis, elec-
tron paramagnetic resonance (EPR) studies were conducted. As
it can be seen in the EPR spectrum shown in Figure 1E, after
green light irradiation a single absorption feature, centered at ~g
=2.00 and ~0.5 mT broad, was displayed, that is fully compatible
with an organic radical species. When studying the time evolu-
tion of this feature, a rather fast decay was found. The intensity
of this fast-decaying signal can be fitted to a single exponential
decay, with a decay constant of ~#19 min. (see Figure S4B, Sup-
porting Information). This decay corresponds to the time scale
of the evolution in darkness of the far-red and NIR bands gener-
ated by green light, previously described in the absorption experi-
ments (Figure S4A, Supporting Information). Additionally, while
the fast-decaying EPR feature decreased, another much weaker
and broader (centered at ~g = 2.00 and ~0.8 mT) EPR feature
was revealed. This signal should be associated to a second radi-
cal species. It also shows a time decay, with a much longer time
constant (~50 h).

EPR studies were also carried out to elucidate the effect of far-
red light on these two radical species, observing that only the fast-
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decaying radical was sensitive to this wavelength, the effect of
which consisted of the complete blurring of its associated EPR
signal, revealing that, after far-red light, only the slow-decaying
signal was present in the EPR spectrum, shown in Figure 1E.
On the other hand, this slow-decaying signal was not affected by
the subsequent far-red irradiation, as the observed time evolution
was similar with and without far-red light exposure.

As anticipated, the time evolution of the EPR spectrum, and
specifically that of the fast-decaying signal, can be correlated with
those obtained in the UV-vis-NIR absorption experiments. As
it can be seen in Figure 1D, the irradiation with green light de-
creases the height of the main bands of the absorption spectrum
and makes new ones to appear in the far-red and NIR, also caus-
ing the emergence of the fast-decaying EPR signal. The immedi-
ate exposure with far-red light led to the recovery of the original
absorption spectrum as well as to a complete vanishing of this
fast-decaying EPR signal.

Concerning the relationship between fast-decaying and slow-
decaying EPR signals, it seems clear that both are connected with
the green irradiation process. Whether the second one is pro-
duced by the first one, or they both have an independent origin,
cannot be established from our results. On the other hand, it can
be stated that far-red light has no effect on the decrease of the
slow-decaying signal. Although the nature and dynamics of the
radical species formed are of great interest, their in-depth inves-
tigation is out of the scope of this paper in which we focus on the
use of the light-induced radicals for the light-induced reconfigu-
ration of our 4D printed LCE actuators.

To evolve toward this reconfiguration concept, we need to be
able to transform the system between two different states, un-
programmed and programmed ones. On one hand, the original
state of the sample, that we will refer as unprogrammed state, is
strongly sensitive to green light, as the incorporated photoactive
unit shows a high absorption in the green region. However, it is
nearly transparent to far-red and NIR light in this initial state.
On the other hand, as it has been demonstrated, the exposure to
green light generates the appearance of radical species absorbing
in the far-red and NIR regions and, therefore, making the system
photothermally responsive to light in these wavelengths of the
spectrum. We will refer this as the programmed state. The irra-
diation of this state with far-red and NIR light, immediately after
the green light exposure, not only could trigger the photothermal
effect characteristic of LCEs, but also returns the system to its
original unprogrammed state. Thus, this approach based on the
generation and erasure of a radical species with a two-wavelength
light scheme opens the way for a reconfiguration process exclu-
sively based on the use of green and far-red and NIR light sources,
in contrast to other strategies that involve the use of UV light
(Figure 1F).37421

2.3. Mechanical Response Characterization

2.3.1. Thermal Actuation

After the printing process, and once the spectroscopic charac-
terization of the material was assessed, actuators were tested in

terms of their mechanical actuation response. First, and prior
to undertaking further photomechanical studies, a mechanical
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Figure 2. Unprogrammed state: Photoinduced actuation under green light of the PO-LCE. A) Images successively acquired of the LCE actuator before
the green light irradiation (A1), after 2 min at 200 mW cm=2 (A2) and 1 min after switching off the light source (A3). Scale bar represents 5 mm.
B) Photoresponse of a LCE strip (100 um thick) with uniaxial orientation of the director along the long axis and a 1 g weight attached to its free end,
with a green light source of 200 mW cm~2. Temporal dependence of normalized strip length (B1) and temperature (B2), upon green light illumination
(green squares) with 200 mW cm™2 and the recovery when green light illumination ceases (black squares). C) Thickness dependence of the maximum
contraction (blue dots) and the time to reach 75% of the maximum contraction, t;so, (deep red inverted triangles) when irradiating with green light
of 200 mW cm~2. D) Maximum contraction (blue dots) and t;5o, (deep red inverted triangles) when irradiating with green light of 200 mW cm=2 for
samples with different concentration of PO. E) Maximum contraction reached (blue dots) and t;50, (deep red inverted triangles) for different green light

intensities.

response characterization of the material as a function of tem-
perature was carried out. These experiments were made for the
purpose of knowing whether the chromophore molecule affects
the mechanical capacity of the sample. To test the reproducibil-
ity and repeatability, two thermal cycles were performed on each
sample used in this work.

Single-layer uniaxially oriented actuators with the director
along its long axis and an average thickness of 100 pm, were
then subjected to a thermomechanical test that consisted of a
heating process from 30 to 100 °C and a subsequent cool down
process back to 30 °C, taking pictures every 5 °C. Figure S5A
(Supporting Information) shows the length (L) and width (W)
versus temperature normalized by the initial length (L;) and
width (W,) for a standard single-layer PO-doped LCE actuator
when coupled to 1 g weight. This weight is applied to prevent
any bending deformation upon irradiation later in subsequent
photomechanical experiments. This experimental configuration
also allows to better quantify the dimensions changes of the LCE
actuators. We note that it was checked that similar thermome-
chanical deformation, within the experimental error, was mea-
sured with unloaded samples indicating that this 1 g load does
not limit the thermomechanical performance of our actuators.
The material presents a contraction of 37% at 100 °C and re-
covers its initial length once the temperature is back to 30 °C.
This elongation process takes place along with the expansion
on the short axis direction of the actuator, reaching 26% of de-
formation regarding its initial width. The microscopic mecha-
nism behind this phenomenology relates to the increase of the
mesogenic disorder, caused by the increment of temperature,
that leads to a shortening of the actuator along the director and
an expansion along the perpendicular direction, as previously
reported.[347]
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2.3.2. Photo Actuation

Understanding the photothermal actuation of the material un-
der study is one of the main goals of this work. To gain insight
into the material’s photomechanical behavior, irradiation experi-
ments using different wavelengths, green, far-red and combina-
tions of them, were performed.

Photoinduced Actuation under Green Light. Unprogrammed
State:  As seen in Figure 1D, the PO-LCE has its main absorp-
tion peaks in the green region. The dependence of the photoin-
duced contraction while green light of 200 mWcm™2 is on, in
a single-layer actuator doped with 0.5 wt.% of PO, is shown in
Figure 2. It can be seen how the actuator undergoes a maximum
contraction of 17%, reaching 75% of its maximum value (13% of
its original length) in 13 s (Figure 2B1). This value of deforma-
tion is maintained whilst light is still on. Once the green light is
off, the LCE actuator recovers its initial length in a few seconds.
In turn, in Figure 2B2, we can observe the evolution of tempera-
ture with time associated with the contraction process previously
studied, seeing that this contraction takes place along with an
increment of temperature of 50 °C, with 80 °C the maximum
temperature reached. Likewise, when green light is switched off,
the surface temperature of the actuator also shows a fast decay
to RT. Thermoactuation studies, previously shown in Figure S5
(Supporting Information), presented a deformation of 16% at 80
°C, results that are consistent with the photoinduced contraction
and photoinduced heating measured in this experiment, which
indicates that the light-induced deformation has a photothermal
origin.

The influence of actuator thickness, dye concentration, as
well as the light intensity has been explored for our system.
First, the photoresponse to green light of actuators with different
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thicknesses, obtained by accumulating layers through additive
manufacturing, was assessed. Figure 2C shows the maximum
deformation achieved for samples of different thicknesses irradi-
ated with the same dose of green light (200 mW cm~2). Besides,
the dynamics of the green light-induced contraction were stud-
ied by estimating the time it takes the actuator to reach 75% of its
maximum contraction, denoted as t,s,, also plotted in Figure 2C.
Results show that regardless of the thickness, the final contrac-
tion is similar in all the studied samples although the saturation
time is faster for the thinner ones. Thermographic characteriza-
tion of the samples during the irradiation experiments shows
that the final temperature achieved is, in all the cases ~80 °C
(Figure S6, Supporting Information), although temperature satu-
ration times in the thickest actuator (300 pm, 3 layers) are longer
(see Figure S6, Supporting Information). The longer times to
reach maximum contraction and temperature for actuators with
an increasing number of layers are related to the increasing mass
of these actuators together with the strong absorption of green
light (see Figure 1D) in our elements. These present high opti-
cal densities in this wavelength range during all the irradiation
time, so most of the incident light is being absorbed, for all the
studied elements, in the first part of their film thickness. With,
essentially, the same amount of energy deposited in all the sam-
ples, regardless the number of layers, the larger mass of thicker
samples requires more energy and therefore more time to reach
the temperature stationary value. Similarly, when the light stimu-
lus ceases, actuators with larger mass also require a longer time
to recover their initial temperature value.[*¥ Considering these
results, and seeking for a fast performance of the elements, a
single-layer actuator was chosen for all the experiments to con-
tinue with the material photoinduced actuation characterization.

The amount of chromophore incorporated into the material
was also meaningful when it comes to the performance of the
material. For this purpose, different percentages of chromophore
ranging from 0.1 to 1 wt.% were added to the LCE precursor ink
and the photoresponse of the resultant LCEs studied. Figure 2D
shows that reducing the percentage of chromophore led to faster
mechanical response of the LCE actuators although to smaller
stationary values of deformation, when comparing the behavior
observed on actuators doped with different percentages of chro-
mophore while green light irradiation of 200 mW cm~2 takes
place. The smaller contraction observed in the actuators with
lower concentrations of chromophore is understood taking into
account that the amount of energy deposited in these films is
smaller, as they present lower absorption compared to those hav-
ing higher chromophore content, while the faster response is as-
sociated to the smoother profile of absorption through the film
thickness, that allows a less heterogeneous delivery of the energy
in the film, leading to a quicker equilibrium of the temperature
in the system. On the other hand, similar values of contraction
of ~#11-13% are obtained for the samples with 0.5 wt.% of chro-
mophore or higher (1 wt.%). Also, similar photoinduced heating
dynamics and saturation temperatures are observed for these two
samples, indicating a saturating behavior of the photoresponse
with respect chromophore content in these range of concentra-
tions (Figure S7, Supporting Information). Although the light in-
tensity decay in the illuminated side of the films is expected to
be sharper in those with higher percentage of chromophore, this
difference does not significantly affect the global photomechan-
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ical behavior of the film. For this reason, from now on all the
tests were performed with PO-LCE doped with a 0.5 wt.%, as they
present high values of photodeformation with a lower amount of
dye.

The influence of green light intensity has also been studied.
With this aim, single-layer actuators were exposed to values of
green light intensity between 50 to 300 mW cm™2, as shown in
Figure 2E. The irradiation with higher intensities of green light
consistently results in higher contraction values, as more energy
is being deposited in the actuators, reaching, with 300 mW cm~2,
a 32% of contraction along the long axis, with a surface tem-
perature of 96 °C, being these values consistent again with the
thermoactuation tests. Similar response times to reach satura-
tion were observed in the irradiated elements for the different
intensities studied.

Summarizing this section, the obtained results demonstrate
that the control in the thickness and the amount of PO chro-
mophore in the printed elements, together with the employed
green light intensity, allows to tailor the actuation response of
the actuator in this unprogrammed state.

Photoinduced Actuation under Far-Red Light. Programmed State:
The green light-induced generation of radical species described
above, leading to significant absorption of our LCE elements in
the far-red region of the spectrum, offers the possibility of ac-
tivating the response of these systems to far-red light. Before
exploring the mechanical photoresponse of this, so-called, pro-
grammed state, first, we have studied, as a reference experiment,
the response of a single-layer actuator in the unprogrammed state
(Figure 3A1), that is without previous exposition to green light,
when exposed to a far-red light source (740 nm) of 675 mW cm—2
(Figure 3A2). As shown in Figure 3C1, the unprogrammed ac-
tuator reached a maximum contraction of 4% when exposed to
far-red light. This slight contraction took place along with an in-
crement of the temperature of the LCE element from RT to 51
°C, which was maintained whilst the far-red light source was
on (Figure 3C2). When the far-red light is switched off, the sys-
tem recovers its initial length in a few seconds reaching also
quickly RT. In contrast, we have performed a homologous exper-
iment with an actuator having the same structural configuration
(Figure 3B1), but exposed, immediately before, to green light of
200 mW cm~? for 45 s (Figure 3B2). This actuator showed a max-
imum contraction of 40% of its length in ~6 s (Figure 3C1), fol-
lowed by a slower decay, in %18 s, to a contraction of 4%, the same
value reached by the actuator under far-red light in the unpro-
grammed state. This fast peak contraction of the programmed
actuator took place along with an increment of its temperature
up to 116 °C in 6 s, that decayed in turn to 51 °C in the next 18
s (Figure 3C2). The rapid far-red light-induced heating and re-
sulting contraction of the samples may be associated with the ab-
sorption of the so-called fast-decaying radical species identified
by EPR. These radical species quickly disappear under far-red
light irradiation, as shown above, leading to a film with low ab-
sorption in this region of the spectrum (see Figure 1D) and thus
a relaxation to a length corresponding to the film before the pro-
gramming step with green light, with little photoinduced heating
when exposed to far-red light.

To explore the photoresponse of the LCE material regard-
ing the programming step, different green light illumination
schemes of pre-irradiation were applied while keeping the same
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Figure 3. Programmed state: Photoinduced actuation under far-red light of the PO-LCE. A) Images of the LCE actuator acquired just before far-red light
illumination (A1) and after 6 s of switching on light source (A2), on their maximum contraction state, for the unprogrammed actuator. B) Images of the
LCE actuator acquired just before far-red light illumination (B1) and after 6 s of switching on light source (B2), on their maximum contraction state, for
the actuator programmed with 200 mW cm™2 of green light for 45 s. Scale bar represents 5 mm. C) Photoresponse under far-red light illumination of
a LCE strip (100 um thick) with uniaxial orientation of the director along the long axis and a 1 g weight attached to its free end, on its unprogrammed
state and on its programmed state with green light irradiation of 200 mW cm~2 for 30 s. C1) Temporal dependence of the normalized strip length
upon far-red illumination with 675 mW cm~2 of an unprogrammed (orange squares) and a programmed element (deep red triangles). The sample
recovers its original length when far-red illumination ceases in both, the unprogrammed (black squares) and the programmed state (black triangles).
C2) Time evolution of the sample temperature upon far-red illumination with 675 mW cm~2 of an unprogrammed (orange squares) and a programmed
element (deep red triangles). The sample temperature relaxes to RT when far-red illumination ceases in both, the unprogrammed (black squares)
and the programmed state (black triangles). D) Peak temperature time (e, pink inverted triangles) and maximum contraction values (blue dots)
reached upon far-red light irradiation (at 675 mW cm~2) on a single layer actuator (100 um) for different green light (200 mWcm™2) programming times.
E) Peak temperature times (t,q., pink inverted triangles) and maximum contraction (blue dots) upon irradiation with different far-red light intensities.
F) Assessment of the reproducibility and repeatability of the experiments in terms of contraction of the material. A LCE strip (100 um thick) with uniaxial
orientation of the director along the long axis of the element and with a weight of 1 g attached to its lower extreme was exposed to a 4-step irradiation
cycle. Each cycle consisted of the following sequence of four steps: i) 30 s of green light irradiation at 200 mW cm™~2, ii) 30 s without exposure, iii) 60
seconds of far-red light irradiation at 300 mW cm~2, and iv) 30s without exposure.

intensity of far-red light. First, we have maintained the green light
pre-irradiation intensity at 200 mW cm~2 but have varied its ir-
radiation time. After 60 s in the dark, the sample is irradiated
with a fixed intensity of far-red light (675 mW cm~?). Figure 3D
shows the maximum contraction and peak temperature time
(tpear) reached. It can be seen how this peak time reached with
far-red light was a nearly constant value of 6 s, regardless of the
previous green light pre-exposure time. However, the maximum
temperature reached, and consequently, the induced contraction
was different and consistent with the previous results obtained:
the longer the exposure to green light is, the higher contraction
obtained with far-red light, which is ascribed to the presence of
more far-red absorbing species for samples irradiated longer with
green light (Figure S8, Supporting Information).

Once the influence of the green light pre-irradiation step has
been explored, to strike a balance between a sufficient contraction
with a short duration of the green light exposure, the program-
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ming conditions, for subsequent experiments, were selected as
200 mW cm~2 of green light for 30 s. As in the previous set of
experiments, 60 s after the green light irradiation step, differ-
ent light schemes of far-red light were tested, leading to different
peak contractions as well as different times to reach these peak
contraction values.

As it can be seen in Figure 3E, a higher intensity of far-red light
drove to a faster and more pronounced contraction, reaching a
value of 28% of its initial length when exposed to 675 mW cm=2
in &5 s. After the peak contraction, the system evolves toward a
stationary contraction corresponding to the unprogrammed actu-
ator. This phenomenology is consistent with the model presented
before consisting of green light-induced radical species that de-
cay back to the original state under far-red irradiation.

To test the repeatability of the programming and actua-
tion steps, several cycles consisting of irradiation with green
light (programming) followed by irradiation with far-red light
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Figure 4. Reconfigurability of 4D printed LCE bimorph actuators: A) Performance of an unprogrammed 4D printed LCE bimorph actuator under far-
red light. AT) Conceptual representation of an unprogrammed bimorph actuator. Images of the unprogrammed LCE actuator acquired before far-red
light irradiation (A2), 10 s after switching on the far-red light (A3) and 50 s after switching on the far-red light (A4). Scale bar represents 5 mm.
B) Reconfigurability of a 4D printed LCE bimorph actuator (previously programmed) under far-red light. B1) Conceptual representation of a programmed
bimorph actuator. The actuator is first irradiated with green light of 200 mW cm™~2 for 30 s. Once green light is switched off, the actuator is left to recover
its original configuration. Images of the programmed LCE actuator acquired before far-red light irradiation (B2), 10 s after switching on the far-red light
(B3) and 50 s after switching on the far-red light (B4). Scale bar represents 5 mm. C) Angle to the vertical described by the 10% of the length of the
actuator over time in the cases described in A) and B). The angle is measured with respect to the vertical, the clockwise direction being negative and
the counterclockwise direction positive. D) Reconfigurability of a 4D printed LCE bimorph actuator (previously partially patterned) under far-red light.
D1) Conceptual representation of the green light patterned LCE actuator proposed as a proof of concept of the programming strategy developed. The
half of the actuator far from the fixing extreme is covered with a dark mask that prevents the sample from being exposed to green light and therefore,
from becoming more far-red light sensitive. Upon far-red light irradiation, the LCE actuator bends with different grades of folding in its two halves,
reaches a bending equilibrium state whilst far-red light is still on and goes back to its initial configuration once the far-red light is switched off. Images
of the programmed LCE actuator acquired before far-red light irradiation (D2), 10 s after switching on the far-red light (D3) and 50 s after switching on
the far-red light (D4). Scale bar represents 5 mm. E) Coordinates in the x-y plane of the free extreme of the actuator. The area determined by the bending

and unbending graphs revealed that the actuator describes a non-reciprocal motion.

(actuation) were carried out, with comparable results in terms
of light-induced contraction after 4 cycles (see Figure 3F).
Reconfigurable Photoresponse of 4D Printed LCE Actuators:  We
aim to demonstrate that these light reconfigurable actuators can
be programmed, by using patterned green light, to later repro-
duce different complex deformation modes by exciting the el-
ement with a single and homogeneous light source in the far-
red, without the need for any structural modification of the ac-
tuator or any additional light source. To explore the possibilities
of this reconfiguration strategy, we have used, as a first exam-
ple, a bimorph actuator consisting of a 4-layered LCE rectangu-
lar element with dimensions 12 x 3 mm (L x W), with pairs of
layers printed in two different orthogonal directions (along the
long side of the rectangle and perpendicular to it) as shown in
Figure S9 (Supporting Information). It is well known that this
type of bimorph actuator leads to bending when LC disorder is
generated upon stimulation.*”) When the actuator is exposed to
a stimulus, for example heat, the first two layers, printed along
the long axis, tend to contract themselves along this direction,
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while the upper layers, printed along the short axis of the rectan-
gular actuator, contract themselves along this short direction and
expand along the orthogonal directions. As a result, to accommo-
date these stimulus-triggered stresses, the strip bends outside the
plane. As a first reference experiment with this bimorph-type ac-
tuator, this was exposed to far-red light for 2 min without any pre-
irradiation with green light, that is in the unprogrammed state.
As seen in Figure 4A, upon far-red light irradiation (450 mW
cm™2), the actuator progressively bends until it reaches, after
15 s, a maximum deformation curvature that is kept constant un-
til light is switched off, completing a 2-minute irradiation period
(see Figure 4A2-A4; Movie S1, Supporting Information). After
light is switched off, the bimorph progressively recovers the ini-
tial state in ~40 s. After this first reference experiment, with no
green light programming, a second reference experiment, this
time with green light pre-irradiation (200 mW cm~2 for 30 s),
was carried out to explore the actuation of the programmed state
(conceptually shown in Figure 4B1). The whole actuator changes
its color to deep red, upon green light exposure, indicating the
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generation of the far-red light-absorbing radicals. The so-
programmed actuator was subsequently irradiated with far-red
light for 2 min (450 mW cm™2). A faster and more pronounced
bending is initially observed in this case, with respect to the
previous experiment in which the actuator was unprogrammed.
A maximum deformation is achieved in ~10 s and after this
moment the system progresses, in 30 s while under constant
far-red irradiation, to the bending state equivalent to the non-
programmed one, keeping it that way while the far-red light is on
(see Figure 4B2-B4; Movie S2, Supporting Information). Once
the far-red light is switched off, the actuator recovers its original
state.

To quantify and better compare the results of these two refer-
ence experiments, Figure 4C shows the angle forming the tip of
the actuator (the terminal 10% length of the actuator) with the
vertical direction. Although both actuation modes converge to
the same bending angle at the end of the far-red irradiation step,
they follow significantly different dynamics at the early stage of
the illumination. The observed results can be explained in terms
of the photoinduced heating of the sample, and the presence of
green light-induced radicals. As in previous photoinduced con-
traction experiments, shown in Figure 3C, irradiation with far-
red light of the unprogrammed samples induces limited pho-
toinduced heating. Differently, green light programming induces
radical species, that absorb light in the far-red leading to pho-
tothermal actuation, upon illumination in this wavelength range.
As far-red light irradiation proceeds, the radicals disappear and
therefore absorption of the system converges back to that of the
unprogrammed actuator, reaching the system the same photoin-
duced heating and thus the same photodeformation final state.

After these reference experiments, we aim to gain advantage
of this programming strategy by introducing a green light pat-
tern to create regions with different folding abilities. Our aim is
to introduce, through this patterning, different dynamic behav-
iors in different parts of the bending actuator that could lead to
a non-reciprocal movement while using one single and homoge-
neous light source for actuation in the far-red region of the spec-
trum. For this purpose, a mask was placed to cover the half of
the sample corresponding to the free end of the actuator, protect-
ing it from the green light, while the other half, the one close to
the fixing extreme, is uncovered, being therefore exposed to the
green light, as schematically shown in Figure 4D1. In this pro-
gramming configuration, exposure of the sample through this
mask to green light (30 s at 200 mW cm™2) induced a change in
color in the exposed region, the half of the actuator close to the
fixing extreme, indicating the formation of radicals in this area,
while the other region remains unchanged. Just after finishing
the green light irradiation, the mask was removed, and the en-
tire actuator was immediately irradiated with homogeneous far-
red light (450 mW cm™2). The actuator starts to bend but the
two halves, unprogrammed and programmed, follow different
dynamics. A faster and more pronounced bending is appreci-
ated for the green light programmed half of the actuator com-
pared to the other half. After a few seconds, in which the pro-
grammed half has reached the maximum bending, this progres-
sively evolves toward a less pronounced curvature. The unpro-
grammed half, on the other hand, progressively evolves to its
maximum curvature at a slower pace. After 30 s, both halves
have reached their equilibrium situation under far-red light (see
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Figure 4D2-D4; Movie S3, Supporting Information). When light
is switched off, the system relaxes back to the initial configura-
tion. Figure 4E presents the coordinates in the x-y plane of the
free extreme described by the actuator. The extreme of the ac-
tuator does not follow the same path when progressing toward
the maximum bending when compared to the unbending stages.
The bending and unbending paths determine a measurable area,
a feature known as non-reciprocal motion, that is a motion ex-
hibiting time-reversal asymmetry as those found in many natural
species to attain locomotion.[>"]

More complex shape morphing modes can be undertaken by
combining the capability of our printing platform to digitally de-
fine complex director patterns together with the programming
capabilities of the presented PO-LCE system using patterned ir-
radiation. Figure 5A shows the conceptual representation of an
actuator with a spiral-like configuration of the director. This actu-
ator is known to morph, under homogeneous stimulation, into a
conical shape as predicted by Warner and coworkers.[1>1623] Thig
morphing paradigm is clearly observed when an unprogrammed
sample, with this director configuration, is irradiated with homo-
geneous far-red light. Figure 5B shows the formation of a cone
upon irradiation with the apex at the center of the disk. An in-
crease of the disorder, produced by photoinduced heating of this
system, leads to a contraction along the spiral direction and an
expansion along the radial one. To accommodate the stresses the
flat actuator escapes the plane turning into a conical shape.

Besides the complex conical shape morphing dictated by the
director pattern, we can reconfigure this actuator into a different
shape morphing geometry by exposing it to green light through
a mask. Following the circular symmetry of our sample we have
used a dark annular mask leaving the central part of the spiral
uncovered, as seen in Figure 5C. Irradiation of the sample with
green light through this mask induces radicals in the exposed
central area making this region more sensitive to far-red light,
while the outer annular region of the sample remains less sensi-
tized to the far-red light. Irradiation of this, so reconfigured sam-
ple with far-red light, leads to the fast emergence of a cone in
the central region, as seen in Figure 5D and Movie S4 (Support-
ing Information), while the outer annular region, morphs mak-
ing undulations along the azimuthal direction. Overall, the flat
disk morphs to a “witch hat” shape after 10 s of far-red light ir-
radiation. The undulations in the outer annular region resemble
that of the anticones predicted by Warner and co-workers for az-
imuthal director profiles on cooling, in which the system tends to
increase the circumference while decreasing the radius leading
to a surface that azimuthally oscillates.[**] As far-red light irradia-
tion progresses; the amplitude of the undulations decreases until
it vanishes, and the entire sample adopts a well-defined conical
shape. The observed behavior can be understood considering the
inhomogeneous heating of the sample during the far-red light
irradiation step. The temperature in the central programmed re-
gion quickly increases upon far-red light irradiation, leading to
the central emerging cone, while heating is slower in the outer
annular part. We hypothesize that the strong conical deforma-
tion of the central region can stress the annular part of the sam-
ple trying to diminish its circumference beyond the length natu-
rally corresponding to the temperature achieved in this annular
region. At this stage of the irradiation, this annular region, be-
ing “too long” for the inner cone circumference, accommodates
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Figure 5. Reconfigurability of 4D printed LCE spiral actuators: A) Conceptual representation of an unprogrammed actuator with a spiral-like configuration
of the director. B) Behavior of a spiral-like unprogrammed LCE actuator under far-red light. Images before far-red light is switched on, when the actuator
remains flat (B1), once the light is switched on, the cone starts to appear (picture taken at 10 s), (B2) and after 50 s, forming a well-defined cone (B3).
C) Conceptual representation of an actuator with a spiral-like configuration of the director, with an annular dark mask centered on top of the sample used
for the patterning step. Upon green light irradiation (200 mW cm™2 for 30 s) through the dark annular mask, the central circular region of the sample
becomes sensitized to the far-red light while the outer ring remains unsensitized. D) Behavior observed on the actuator with a spiral shape under far-red
light immediately after the green light patterning step. Images before far-red light is switched on, the actuator being flat (D1), once the light is switched
on, the cone emerges in the central region while there are azimuthal undulations in the outer ring (picture taken at 10 s), overall the sample morphing
into a “witch hat” shape (D2), and after 50 s, a well-defined cone is finally formed (D3). Scale bar represents 5 mm.

the stresses by making the observed azimuthal oscillations. As
irradiation goes on, the fast-decaying radicals disappear, and the
temperature of the sample homogenizes leading to the conical
equilibrium shape.

3. Conclusions

We have developed a printable formulation to prepare green to
far-red light-driven LCE actuators that can be reconfigured with
light to access a plurality of shape-morphing modes. The ink in-
corporates a dispersed perylene diimide chromophore absorbing
in the green region of the spectrum. The resultant LCE elements
actuate when exposed to green light throughout a photothermal
mechanism, but this exposure process itself also induces the ap-
pearance of absorption in the material in the far-red and NIR
regions that have been associated with the formation of radical
species. These new bands open the possibility to photoinduce
mechanical actuation of the element by irradiating at these wave-
lengths. Advantageously, irradiation of the actuators in these re-
gions of the spectrum immediately after the green light exposure,
leads to a recovery of the original absorption spectrum of the ac-
tuator. This reversible photoinduced transformation of the LCE
elements between two different absorbing states allows to spa-
tially program with green light the actuator in its response to far-
red and NIR light, giving access to reconfigurable and reusable
soft actuators. By combining the ability of direct ink writing to
digitally define the director, together with the possibility to re-
configure the actuation via the programming with green light,
complex non-reciprocal morphing paradigms have been demon-
strated by using one single, homogenous far-red light source for
excitation. The use of the visible to NIR regions of the electromag-
netic spectrum, less harmful than UV light, represents an impor-
tant advantage of our material strategy for various applications of
LCEs. The development of homologous materials based on pery-
lene chromophores and LCE matrices with a thermal response at
temperatures closer to body temperature makes possible a future
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scenario in which these smart materials could be applied in the
field of biomedicine. We envision their use, as mechanobiologi-
cal platforms for cell culture, in which these actuators, through
suitable stimulation, could apply physiologically relevant strains
to cells, effectively emulating, for example, the characteristic peri-
stalsis of the digestive tract organs, or the beating of the heart. In
addition to this, their soft nature would also allow their use as ac-
tuators in robotic tools in minimally invasive surgery devices. All
of these are topics fall within the scope of the planned activities
in our laboratory.

4. Experimental Section

Materials: Mesogenic diacrylate 1,4-bis-[4-(6-acryloyloxyhexyloxy)
benzoloxy]—2-methylbenzene (RM82, >97%) was purchased from
Synthon Chemicals GmbH. Chain extender n-butylamine (>99.5%)
and solvent tetrahydrofuran (THF, >99.9%) were obtained from
Merck. The UV  photoinitiator  2-benzyl-2-(dimethylamino)—4/'-
morpholinobutyrophenone  (Irgacure369, >97%) was acquired
from Merck. The visible region absorbing dye N, N’-Bis(2,6-
diisopropylphenyl)—3,4,9,10-perylenetetracarboxylic Diimide, also known
as Perylene Orange (>98%), was purchased from TCl Europe N.V. All
molecules were used as received. The sacrificial support layer to release
the LCE elements was made of polyvinyl alcohol (PVA; 80% hydrolyzed;
Mw of 9000-10000) that was purchased from Aldrich.

LCE Precursor Ink Preparation: To begin with, a precursor mixture of
a thermoresponsive LCE was prepared using a synthetic procedure pub-
lished elsewhere.[?3] To this aim, n-butylamine and RM82 were added to
an amber glass flask with a 1:1.02 molar ratio. Stoichiometry was chosen
for the sake of obtaining a material with sufficient crosslinking leading to a
good mechanical performance at not too high temperatures of actuation.
The mixtures were prepared by adding the photoinitiator (IRG369) in a
1wt.% ratio. To prepare the precursor mixture of the photoresponsive LCE,
Perylene Orange, a perylene diimide, was chosen as photoactive unit. This
was added in different percentages from 0.1to 1 wt.% to explore its effect.
Additional THF solvent was added to the flask to obtain a 1:1 weight ratio
between THF and the rest of the components. The solution was then made
to react for 30 min at 70 °C in a closed flask by using a magnetic stirrer.
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Hereafter, the flask was opened and left to stir at 70 °C for 24 h to evapo-
rate THF. Subsequently, the flask is submitted to a vacuum process at 70
°C for additional 24 h to remove the solvent residual fraction and lead to
the final photopolymerizable ink. A final checking process was carried out
by comparing the weight of the chemicals employed initially and that of
the final ink to verify that the level of residual solvent is lower than 1 wt.%
(referred to as the weight of THF initially employed).

Printing Equipment: The manufacturing of photoresponsive elements
was prepared using a homebuilt 3D printer as beforehand described.[?’]
The printer is composed of a computer numerical control (CNC) router
chassis coupled with a temperature-controlled reservoir for the ink. The
pressure was applied on-demand to the reservoir to extrude the ink
through the needle while describing X, Y, and Z motions. The printing pro-
cess is controlled by WinPC-NC software. Computer-aided design (CAD)
files were plotted using AutoCAD software. A 10 X 3 mm dog-bone-shaped
actuator was created with the preferential orientation of the director, de-
fined by the control of the printing direction, aligned with the long axis of
the sample, for the characterization of the material. A 4-layer actuator with
dimensions 12 x 3 mm (Lx W), was created with the preferred orientation
of the director, defined by the print direction control, aligned with the long
axis of the sample, in two of its adjacent layers, while the remaining two
have an orientation orthogonal to these. Besides, a spiral-like actuator with
a diameter of 10 mm was also manufactured. Printing parameters, such as
pressure, temperature, speed and distance between substrate and nozzle
were optimized for each batch of photopolymerizable ink.

4D Printing of LCE Elements:  Printing of elements was carried out on
top of conventional glass microscope slides, previously coated with a thin
layer of PVA with a thickness of 150 nm. To this end, the glasses were first
cleaned by ozone treatment and then coated by spin-coating (1800 rpm for
60 s) with a 5 wt.% PVA solution in Milli-Q purified water. The PVA coating
is fixed by drying the solution at 60 °C for 60 min. The material was ex-
truded through a 23-gauge needle tip, with an inner diameter of 330 um,
from a light-protected syringe placed in the temperature-controlled reser-
voir of the printer previously described. The system was heated to 70 °C,
while the substrate was kept at RT. After the printing of one layer, the de-
posited material was exposed to UV light to trigger photopolymerization
(vide infra). Besides single layer, multilayer actuators were printed to evalu-
ate the effect of the thickness and the director profile in the photoresponse
of the material. Printing of successive layers was done following the same
protocol but raising the printhead a fixed height for each successive layer
(typical height step of 80 um). After each layer the UV curing protocol de-
scribed below was carried out.

Photopolymerization:  Following the printing of a layer, the photopoly-
merization process was carried out by using a UV lamp from Oriel (Model
#6286) and a UV reflecting filter (350-450 nm, Model #66 218). The sam-
ple positioned 45 cm from the lamp exit, initially received a light intensity
of 30 mW cm~2 for 2 min in ambient conditions. Immediately after, each
side of the sample was sequentially irradiated for 12 min in a vacuum oven
under a mild vacuum of 100 mbar at RT. Once the photocuring step of one
layer was completed, successive layers were printed, and the curing was
carried out following the same protocol.

Photopolymerization Yield: To calculate the percentage of photopoly-
merized material, a gel fraction test was performed. For this purpose, the
samples were printed and photopolymerized in PVA-coated substrates of
known weight, enabling to obtain the initial weight of the actuator (w;). The
samples were then immersed in the solvent, THF, for 24 h. The samples
were removed from the solvent and heated for 4 h at 70 °C in a vacuum
chamber (100 mbar) to dry them. The samples were then weighed again
(wp) and GF was estimated from the Equation 1

GF(%) = & x 100 )

i

Polarization Optical Microscopy (POM):  To check the molecular align-
ment of the actuators, LCE were examined using a polarized optical mi-
croscope (Nikon Eclipse 80i).

Thickness Characterization: Thickness measurements of the actuators
were performed using a profilometer (Bruker DektakXT Stylus Profiler).
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Spectroscopic Characterization: Absorption spectra of the samples
were taken using a UV-Visible-NIR spectrophotometer (UV-vis-NIR spec-
trophotometer Cary500, Agilent Technologies).

EPR Characterization: ~An ELEXSYS E580e EPR spectrometer (Bruker),
operating at X band (microwave frequency ca. 9.8 GHz) were used for tak-
ing the EPR spectra.

Actuation: After extrusion and photopolymerization of the samples,
they were immersed in water to release them from the substrate by dis-
solving the PVA layer of the glass substrate. The samples were then dried
by fixing them to a Kapton tape and letting them in ambient conditions for
some hours.

For the thermal actuation characterization, a home-built heated alu-
minum chamber was used.[>'] The chamber is provided with two windows
of a cyclic olefin polymer (COP) through which it is possible to obtain op-
tical images. Besides, in one of these windows, there was a hole that al-
lowed the registration of the surface temperature of the actuator by using
a thermal camera Gobi from Xenics. A load of 1 g was fixed to the end
of the sample, which was then heated from RT to 100 °C with a rate of
5 °C min~!. This heating rate was chosen based on the group’s previous
experience in this type of experiments, since it is a slow rhythm that al-
lows homogeneity and stabilization of the actuator’s temperature.[2347]
Pictures were acquired with a digital camera Nikon D3300. These images
enabled to obtain the length and width of the samples at each tempera-
ture value. Both dimensions were measured by drawing a parallel line to
the long axis of the strip for the former and a parallel line to the short
axis of the strip for the latter in Fiji. These values were then normalized by
dividing them by the initial values for each sample and experiment.

For the photoactuation characterization of the samples, the actua-
tors were exposed to light coming from a green LED (Thorlabs, central
wavelength of 525 nm) or a far-red LED (Thorlabs, central wavelength
of 740 nm). Different light intensities were used in the range of 50 to
700 mW cm~2. Weight-lifting experiments were conducted following a ho-
mologous method as in the thermoactuation tests, by fixing the samples
to a holder and attaching them to a load of 1 g on the other end (Figure
S10, Supporting Information). The actuation was monitored by acquiring
a video with a digital camera and extracting sample pictures at different
moments. The image analysis to obtain sample dimensions as a function
of time was performed as previously described for thermoactuation tests.
In addition, the surface temperature of the actuators was also measured
with the thermal camera to establish the correlation between temperature
and mechanical actuation.

Reconfigurability Experiments: A bimorph actuator was also manufac-
tured with 4-layers with dimensions 12 x 3 mm (L x W) and thickness of
240 um. The first two layers of the actuator were printed aligned with the
long axis of the sample, whilst the remaining were printed in the orthog-
onal direction to the former. Besides, a spiral-like actuator of 10 mm of
diameter and three layers (thickness 180 pum) was also prepared for this
purpose.

Supporting Information

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