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ABSTRACT: Direct ink writing (DIW) of liquid crystal elastomers (LCEs) has
rapidly paved its way into the field of soft actuators and other stimuli-responsive
devices. However, currently used LCE systems for DIW require postprinting
(photo)polymerization, thereby forming a covalent network, making the process
time-consuming and the material nonrecyclable. In this work, a DIW approach is
developed for printing a supramolecular poly(thio)urethane LCE to overcome these
drawbacks of permanent cross-linking. The thermo-reversible nature of the
supramolecular cross-links enables the interplay between melt-processable behavior
required for extrusion and formation of the network to fix the alignment. After
printing, the actuators demonstrated a reversible contraction of 12.7% or bending and '
curling motions when printed on a passive substrate. The thermoplastic ink enables \_/
recyclability, as shown by cutting and printing the actuators five times. However, the

actuation performance diminishes. This work highlights the potential of supramolecular LCE inks for DIW soft circular actuators and
other devices.

RECYCLABLE
ACTUATORS

D irect ink writing (DIW) of stimuli-responsive materials is based on melt-processable poly(thio)urethane (PTU) LCEs."’

a promising microextrusion technique to create complex The segmented copolymer contains LC soft and hydrogen-
shapes with high resolutions," which is often applied in, e.g., bonding thiourethane (TU) hard segments. At elevated
soft robotics,”~> haptic devices,”” and structurally colored temperatures, the hydrogen bonds dissociate, allowing for
designs.”~"" Materials applicable as inks for DIW are melt-processable properties, whereas subsequent cooling
hy drogels,12’13 shape-memory polymers,'*'* and liquid crystals recovers the hydrogen bonds and stabilizes the material
(LCS)_16—19 Among them, liquid crystal elastomers (LCEs) are along with its possible orientation. We now report on the use
attractive inks due to their large, reversible deformations and of these PTU LCEs as ink for the DIW of free-standing
viscoelastic, non-Newtonian flow behavior.2° 22 The extrusion- actuators and four recycles, showing reversible contractions up
induced shear and elongational forces result in uniaxial to 12.7%.
molecular order along the printing path direction. Generally, The melt-processable supramolecular LCE is synthesized

photoinduced cross-linking of the printed LCEs is needed as through sequential thiol—acrylate Michael addition and thiol—
these cross-linked polymers typically show reversible shape isocyanate reactions with commonly used diacrylate mesogens
changes around the isotropization temperature (7).~ for LCEs (143and 2, Figure la), dithiols, and diisocyanates

To date, materials for printing soft actuators with DIW have (Figur.e Sl) An equimolar ratio of FWO different mesoge‘nic
been reported to show shape deformations in response to a moieties is used to suppress the smectic mesophase formation.

variety of stimuli.”*~>* Although the current LCE inks are well- The alternating responsive mesogenic and dynamic hydrogen-
bonding segments consist of five and one repeating unit(s),

respectively. Molecular structures and molar ratios used for all
compounds can be found in Table S1 (Supporting
Information). Polymerization was confirmed through Four-
ier-transform infrared spectroscopy (FTIR) by the disappear-
ance of the characteristic peaks for the thiol (¥ ~ 2560 cm™)
and isocyanate (7 &~ 2270 cm™") stretching bands (Figure S2).

suited for DIW to print stimuli-responsive actuators, the
photopolymerization step is rather time-consuming, and
efficient curing is challenging. Furthermore, the permanent
cross-links hinder the material’s recyclability and the
fabrication of sustainable soft actuators. In previous work,
the combination of dynamic covalent’~** and supramolecular
cross-links has allowed for fabricating photoswitchable
actuators by DIW without the need for photocuring.”” While =
highlighting the programmable shape-switching behavior, the Received: June 13, 2022 e
recyclability of this printable material was not demonstrated. Revised:  July 1, 2022
An alternative way to overcome the limitations inherent to Accepted:  July 2, 2022
curing and permanent cross-linking is by only introducing Published: July 8, 2022
supramolecular interactions as dynamic physical cross-
links.**~** Recently, we reported supramolecular soft actuators
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Figure 1. (a) Molecular representation of the segmented PTU consisting of responsive mesogens (blue) 1 and 2, dynamic hydrogen-bonding
moieties (red), and chain extenders (gray). (b) Scheme of the printing process and used printing parameters. The inset schematically shows the
mesogens at 200 °C in the isotropic state and the molecular order after printing in a high shear environment. (c) Free-standing thermoplastic LCE
displaying the flexibility and rubbery properties after printing. The scale bar represents 0.25 cm.

Furthermore, the characteristic peaks for the hydrogen-bonded
amine (7 ~ 3315 cm™) and carbonyl (¥ ~ 1638 cm™)
indicate the formation of TU moieties. According to gel
permeation chromatography (GPC), the final reaction product
has a number-average molar mass M, of ~ 73 kg mol™' and
relatively low polydispersity D = 1.90, indicating the successful
synthesis of the PTUs (Figure S3).

Further characterization of the PTU LCEs with differential
scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and dynamic mechanical analysis (DMA) shows the
thermal material properties that are important for DIW. The
melting and degradation temperatures are observed from DSC
and TGA characterizations, providing insight into the material
processability range. The DSC thermogram shows an
endothermic melting peak of the TU segment domains at
173 °C (Figure S4), corresponding to the material’s melting
temperature and thus the minimal printing temperature for
DIW, whereas from TGA, a 1% weight loss is observed around
240 °C (Figure SS) due to polymer decomposition,** setting
the upper limit of the processing temperature of the PTU LCE.
These combined results from DSC and TGA lead to a DIW
processing temperature range between around 170 and 240
°C. DMA analysis revealed the storage modulus (E’) inflection
point and loss tangent (tan §) peak maximum at around 4 °C,
corresponding to the glass-transition temperature (Figure S6).
The rubbery plateau is between 65 and 130 °C, which
indicates the presence of the physical, hydrogen-bonded cross-
links (Figure S7). Within this temperature range, a distinct
drop in E’ is observed at 83 °C, indicative of the T; of the
material.">*® The T, is significantly lower than the processing
temperature, which is beneficial to achieving stable actuators
showing large, reversible deformations.*> Above 130 °C, the
material enters the viscoelastic flow region, where the
hydrogen bonds dissociate. This bond dissociation allows for
the thermoplastic melt behavior required for extrusion in the
DIW process. At the same time, cooling of the material ensures
the stability of the supramolecular network through the
formation of hydrogen bonds, therefore locking in the
printing-induced molecular alignment after extrusion. Micro-
phase-separated morphologies were observed with medium-

~
~

936

angle X-ray scattering (MAXS), indicating the formation of
distinct responsive LC and hydrogen-bonding TU domains
(Figure 88).43

Based on the thermal characterization results, the processing
temperatures of the syringe (Tyyine.) and bed (Tyeq) were set.
Typically, DIW of LC-based inks is done around the material’s
T.””° However, in our case, much higher temperatures are
needed since the melting onset is around 170 °C. Therefore,
the ink is printed with Ty, = 200 °C, at which the PTU LCE
is in its thermoplastic melt and there is strong control over the
extrusion. At such high temperatures (T, syringe > T,), the
molecular order as well as the hydrogen-bonding cross-links
are highly reduced. The thermal gradient from the heated ink
reservoir to the substrate results in immediate locking of the
extrusion-induced uniaxial alignment after printing due to the
thermo-reversible character of the hydrogen bonds. As the
deposited material continues to cool on the printing bed, the
LC-ordered state is formed. For this reason, and to maintain
this parameter constant, T},.4 was set at 30 °C. Furthermore, a
tapered nozzle of 300 ym in diameter and a lateral nozzle
speed of S mm s™' were used. DIW-printed PTU LCE
actuators are fabricated following these printing settings and a
programmed print path (Figure 1b; Table S2 and Figure S9,
Supporting Information). Video S1 (Supporting Information)
shows the printing process of uniaxially oriented soft actuators.
Depositing a single layer (35 X 2 mm?) on top of a
polyvinylpyrrolidone (PVP) coated glass substrate and
subsequently dissolving this sacrificial PVP layer yield free-
standing actuator films (Figure 1c). Further characterization
takes place on films with dimensions of 25 X 2 mm?, and the
obtained thickness by an optical profiling system is averaged to
140 um (Figure S10).

Wide-angle X-ray scattering (WAXS) of the printed free-
standing actuator verifies the DIW-induced uniaxial molecular
order. The resulting 2D WAXS diffractogram of the pristine
material actuator shows typical orientationally arranged
diffraction patterns orthogonal to the printing direction,
indicating uniaxial alignment with an order parameter S =
0.16 (Figures S11 and S12). After confirming the presence of
molecular order, thermal actuation between 30 and 110 °C
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Figure 2. (a) Temperature response of the printed PTU LCE actuator by heating it from 30 to 110 °C. The scale bar represents 0.50 cm. (b) The
corresponding actuation strain as a function of temperature showing a maximum contraction up to 12.7%. The actuation performance is averaged
over three heating—cooling cycles. (c) Thermal cycling of the printed strip by repeated heating and cooling between 110 and 30 °C.
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Figure 3. (a) Scheme of recycling procedure wherein the LCE is printed for five cycles. First, the crude material is cut and heated in the syringe to
200 °C for 20 min, after which pristine uniaxial actuators are printed. The extruded material is then recut, and the procedure is repeated to print
actuators with the recycled material. (b) Photographs of the pristine (P) to fourth recycle actuators (from left to right) at 30 and 110 °C. The scale
bar represents 0.50 cm. (c) The corresponding actuation strain of the printed actuators as a function of the temperature. The actuation
performance of each printed actuator is averaged over three heating—cooling cycles. (d) TGA data showing the weight loss of the PTU when
heated to 200 °C for 16 h. The dashed lines indicate the melting time of each printing cycle.

demonstrates the thermal-responsive behavior (Figure 2a).
From the thermal-induced contraction along the long axis, the
actuation strain is calculated as €, = —(I — I;)/l,, where I is the
length of the LCE film at room temperature and [ is the length
at a specific temperature. The resulting thermal-actuation
response displays an immediate contraction upon heating to
110 °C with a maximum actuation strain &, = 12.7% (Figure
2b; Figure S13). In addition, the actuation behavior of different
printed pristine actuators shows similar performance (Figure
S13). Comparing the actuators obtained by DIW with our
previously reported mechanically programmed actuators (¢, =
32%)," less contraction is observed for the DIW-printed
actuator upon heating, which also correlates to the lower order
parameter. Our results reveal that uniaxially aligned thermo-
plastic PTU LCE actuators were successfully obtained by DIW

937

without the need for photocuring, showing reversible actuation
over at least three heating—cooling cycles (Figure 2c).
Multiple cycles of the thermoplastic PTU LCE actuators
were printed, exploiting their dynamic nature and showing the
materials’ circularity. Figure 3a displays the recycling
procedure: first, the thermoplastic material is cut into small
pieces and loaded into the syringe, where it is heated to T
= 200 °C again for 20 min to ensure complete melting.
Extrusion of the thermoplastic polymer melt with the set print
parameters yields the actuators. When printed and cooled to
room temperature, the material is recut again into small pieces
and reloaded into the syringe without further treatments to
recycle the material. The same batch of the thermoplastic
material was printed five times through DIW, yielding
actuators from the initial pristine material and an additional
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four recycles. The pristine material actuator contracts with a
maximum of 12.7%, while the first and second recycles have a
comparable actuation strain of 9.9% and 10.0%, respectively.
The third- and fourth-times recycled actuators show
diminished actuation strains of 3.3% and 0.7%, respectively
(Figures 3b and 3c). To shed light on this diminished
actuation performance, X-ray diffraction, TGA, and GPC
analysis were performed.

The orientationally arranged diffraction patterns in the wide-
angle 2D X-ray diffractograms and the accompanying order
parameter indicate the presence of extrusion-induced order in
all printing cycles (Figures S11 and S12). However, the
molecular alignment diminishes with ascending printing
(re)cycles. The first recycle has an S of 0.18, slightly larger
than the initial pristine cycle (S = 0.16), whereas the second
recycle has a similar S of 0.15. After this, the molecular order
decreases significantly to S = 0.09 for the third and to S = 0.03
for the fourth recycle. The stability of the LCE ink was
evaluated with GPC and TGA. From GPC, a decreasing
number-average molar mass is observed upon printing and
recycling from M, = 73 to 21 kg mol™" (Figure S14 and Table
S3). Heating the crude PTU LCE material to 200 °C results in
a weight loss of 12 wt % within 16 h, indicating the thermal
decomposition of the material (Figure 3d). This behavior
might be due to the decomposition of TU moieties,”* which
corresponds to around 10 wt % of the material and is
responsible for physical cross-linking. Our conjecture is
confirmed by analyzing the thermal properties with DSC,
revealing that the melting endotherm of the TU hard segment
domains is diminished and decreased to 137 °C upon recycling
(Figure S4).

These combined observations of obtaining shorter polymer
chain lengths and significant weight loss indicate the thermal
decomposition of the printed material when prolonged to heat,
which results in a lower extrusion-induced order during
printing and is accompanied by a decrease in actuation
performance. Therefore, the decrease in order parameter and
actuation performance can be explained by thermal degrada-
tion of the material during printing, given that it is heated to
200 °C for 16 h in order to print all cycles.

Our ink can also be used to fabricate bending actuators by
printing on a passive substrate. Depositing a PTU LCE stripe
(25 x 2 mm?) on top of a PEI foil (25 X § X 0.005 mm?, 40%
coverage) enables bending motions upon heating with the
LCE on the inside of the curvature (Figure 4a). When fixing
the printed film on one side, it initially bends and then tightly
rolls up (Figure S1S). This behavior results from the
contraction of the LCE along its alignment direction, whereas
the passive layer is unresponsive, resulting in bending and
curling motions.'® Further, selective bending of more complex
substrate shapes can be obtained by applying the active LCE
material (35 X 2 mm?®) to specific regions (Figure 4b).

In conclusion, we have fabricated supramolecular PTU LCE
actuators through DIW without the need for postprinting
(photo)polymerization, showing a maximum actuation strain
of 12.7%. Due to the TU segments’ thermoreversible hydrogen
bonding, the thermoplastic ink exploits the interplay between
melt-processable material behavior required for extrusion and
provides the desired mechanical stability to fix the network and
its molecular order. Furthermore, the ink can be recycled, but
the actuation performance diminishes due to the thermal
degradation of the thermoplastic LCE ink. We foresee that the
thermal degradation can be circumvented by adapting the

938

U SIDE VIEW
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Figure 4. Photographs demonstrating the thermal actuation of
patterned actuators by applying an LCE stripe (25—35 X 2 mm?*) on
top of (a) rectangular and (b) star-shaped passive PEI films (top
view). The white stripe denotes the flat state, while the arc represents
the bent state (side view). The scale bar represents 0.50 cm (bottom
right).

chemical structure, changing the printing conditions, and/or
the use of fused filaments. This supramolecular, thermoplastic
ink demonstrates an innovative approach toward the DIW of
recyclable LCE actuators where photocuring is not needed,
which opens up great opportunities for the facile fabrication of
more sustainable soft actuators and robotic devices. Currently,
we are exploiting the DIW of more complex 3D-shaped
actuators using our supramolecular ink.
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