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Hydrogen-Bonded Liquid Crystal Elastomers Combining
Shape Memory Programming and Reversible Actuation

Hongshuang Guo,* Tero-Petri Ruoko, Hao Zeng, and Arri Priimagi*

Materials that undergo shape morphing in response to external stimuli have
numerous applications, e.g., in soft robotics and biomedical devices. Shape
memory polymers utilize kinetically trapped states to, typically irreversibly,
transfer between a programmed morphed shape and an equilibrium shape.
Liquid crystal elastomers (LCEs), in turn, can undergo reversible actuation in
response to several stimuli. This study combines the irreversible and
reversible shape morphing processes to obtain LCEs that undergo
shape-programming via the shape memory effect and subsequent reversible
actuation of the programmed shape. This is enabled by an LCE crosslinked via
dynamic hydrogen bonds that break at high temperatures and reform upon
cooling, endowing the shape memory effect, while mild thermal or
photothermal stimulation yields the reversible actuation. Through this
combination, proof-of-concept robotic application scenarios such as grippers
that can adjust their shape for grabbing different-sized objects and crawling

In soft robotics, shape-morphing materi-
als are key components that enable char-
acteristics such as navigation in com-
plex environments and adaptation to tight
spaces.?2] In biomedical engineering,
they serve as, e.g., shape-adjustable smart
implants or expandable stents.[”*?*] Based
on these examples, it is clear that shape-
morphing materials open up new avenues
for advanced technologies, and their po-
tential applications are vast and varied.

Shape memory effect occurs when a ma-
terial “memorizes” and recovers its orig-
inal shape after being kinetically trapped
in a deformed state through mechanical
deformation.[-3% The effect is observed
in different types of materials such as

robots that can morph their shape to adapt to constrained spaces, are
demonstrated. It is anticipated that this work adds new diversity to

shape-programmable soft microrobotics.

1. Introduction

Soft materials with the ability to morph their shape in response
to external stimuli have been extensively investigated during
the past decade.l!l Some examples of such materials are re-
sponsive hydrogels,!*?! dielectric elastomers,!**! liquid crystal
elastomers,[®® and shape memory polymers,®! all of which
can undergo different types of deformation, including bending,
twisting, folding, and stretching, depending on the composi-
tion and fabrication details of the material used and the type
of stimulus.l"'"7] These characteristics make them widely appli-
cable in the fields of soft robotics and biomedical devices.['8-2"]
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shape memory alloys!32l and polymers
exhibiting phase transitions or dynamic
bonds.11%3334] The shape recovery occurs
in response to a specific stimulus such
as temperature. The shape programming
can be repeatedly conducted, typically at
elevated temperatures, followed by fixation of the kinetically
trapped state(s) upon cooling. However, the shape memory ef-
fect typically proceeds one-way, from the kinetically trapped to
the equilibrium state under a specific stimulus, leading to a one-
time action in shape morphing.[-30:35-3]

Soft actuators undergoing reversible stimuli-induced move-
ments are constructed from compliant, deformable, and elas-
tic materials such as hydrogels!***! or —particularly rele-
vant for this work— liquid crystal elastomers (LCE).[11-154445]
LCEs combine liquid crystal order and elastomeric properties
in aligned, loosely crosslinked polymer networks and can un-
dergo reversible deformations in response to various stim-
uli such as electric*! and magnetic fields,[*’! temperature,!*:]
and light.[*>% The deformations are fast and precisely pro-
grammable via molecular alignment control during polymer-
ization. LCEs also offer tunable mechanical properties such as
stiffness and stretchability, which can be tailored by adjusting
the molecular structure and crosslink density of the polymer
network.®!l The obtained movements can mimic the actions
of natural muscles, allowing for bioinspired approaches in soft
robotics applications.['*5233] Due to their inherent compliance
and deformability, LCEs are well-suited for applications where
traditional rigid actuators may cause damage or discomfort, such
as wearable medical devices or soft robotic exoskeletons.>*%] An-
other advantage, which differs them from conventional shape
memory polymers, is their reversibility, meaning they can
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Figure 1. The design concept. a) Schematic illustration of shape-memory programming combined with reversible actuation. b) The chemical structures
of the materials used. c) The shape-memory programming relies on hydrogen bond breaking and reforming upon heating and cooling, respectively.

be repeatedly activated and deactivated without losing their
functionality.

In recent years, researchers have been exploring the poten-
tial of combining the pros of shape memory materials and
soft actuators to create versatile devices with adaptable move-
ments. One exciting development is the concept of two-way
shape memory,[°! where a material can be programmed to re-
cover two different shapes depending on the stimulus applied.l>®
Another emerging concept is reconfigurable actuation where
the actuator morphs into different shapes under an identi-
cal stimulus through an additional programming step.[>’=]
This can be achieved by using multi-material composites or
by embedding different functional components into the actu-
ator. Reconfigurable actuators have the potential to greatly ex-
pand the range of motions and functions that can be achieved
in soft robotics and other applications.[®®) However, developing
these materials and devices presents several challenges, such
as the complexity of the chemistry involved and careful control
over processing conditions and material properties.[°!] Addition-
ally, integrating reconfigurable actuators into complex systems
and controlling their behavior in functional devices remains a
challenge.[>]

In this article, a facile method to combine shape memory ef-
fect and reversible actuation within a single soft material is in-
troduced. This is enabled by an LCE crosslinked via dynamic hy-
drogen bonds that break at high temperatures and reform upon
cooling, endowing the shape memory effect, while mild thermal
or photothermal stimulation of the LCE yields the reversible actu-
ation. Various temporary shapes can be programmed into the ma-
terial due to the shape-memory effect, and the temporary states
can be further actuated using moderate heating or photothermal
effect. The original state of the system can be restored by heating
it to a sufficiently high temperature, allowing reprogramming of
the material to a different temporary shape. The proposed LCE ac-
tuator can be accommodated to grip objects with different sizes
and shapes, and for the design of shape-adjustable locomotors
that move, e.g., in constrained spaces. The presented materi-
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als concept points toward facile control and reconfiguration of
responsive-materials-based, small-scale robotics.

2. Results and Discussion

2.1. The Design Concept

Our aim is to fabricate an actuator that can i) be programmed to
various temporary shapes, ii) perform reversible (photo)actuation
of the temporary shape, and iii) be restored to the original state
and reprogrammed to a different temporary shape at will. To
achieve this, we utilize the shape memory effect to allow the
material to maintain the temporary shape, while LCE actuation
provides the capability for reversible deformation.[?] Traditional
shape memory polymers cannot perform as reversible actuators
because they rely on kinetically trapped states. In contrast, LCE
actuators rapidly deform upon (photo)thermal stimulation and
immediately return to the original shape when the energy source
is removed. Hence, combining these two effects should allow
combining (i)—(iii) through shape programming via the shape
memory effect, and reversible shape morphing via the LCE ac-
tuation, as illustrated in Figure 1a.

Of the several methods to introduce shape memory function
into LCEs,[®*%] our approach is based on the incorpora-
tion of hydrogen bonds into a chain-extended LCE.[''%¢] The
chain extension was conducted via the Aza-Michael addition
reaction,!'7%8] a5 shown in Figure 1b and Figure Sla (Support-
ing Information). All experiments were conducted using surface
aligned, splay-oriented LCE strips. Their preparation process and
bending mechanism are depicted in Figure S1b,c (Supporting In-
formation). To form the hydrogen-bonded network, alkylamine
chain extenders were functionalized with carboxyl and hydroxyl
groups. The corresponding LCEs, named LCE-COOH and
LCE-OH, contain the functionalized chain extenders and dode-
cylamine in a 1:1 ratio, whereas an LCE with only dodecylamine
chain extender (LCE-C,,; no ability to form hydrogen bonds)
is used as a reference. The COOH groups are known to form
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Figure 2. Material Characterization. a) Temperature-variable FTIR spectra of LCE-COOH upon heating from 25 to 95 °C (interval: 10 °C) and cooling back
to 25 °C. b) DSC curves of LCE-C;,, LCE-OH, and LCE-COOH from the second heating cycle at a heating/cooling rate of 10 °C min~'. c) Tensile stress—
strain curves of LCE-C;,, LCE-OH and LCE-COOH. d) Young’s modulus (Ey), fracture strain (€,,,), and tensile strength (6,,,,) of LCE-C;,, LCE-OH,
and LCE-COOH. The error bars represent the standard deviation obtained from n = 3 experiments.

relatively strong hydrogen-bonded dimers!®721 while the
aliphatic hydroxyl groups are anticipated to form very weak
contacts.”?] Disperse Red 1 (DR1) was added to the polymeriz-
able mixtures at 1 wt% concentration to enable photothermal
actuation of the LCEs. The key design premise is that the hy-
drogen bonds break when heated to high enough temperatures
and reform when cooled, locking the temporary shape in place
(Figure 1c).l"*7¢1 We hypothesize that the temporary shape can
still be reversibly actuated as long as the photothermal heating
is mild enough not to break the hydrogen bonds.

2.2. Material Characterization

The Fourier transform infrared (FTIR) spectra of LCE-C,,, LCE-
OH, and LCE-COOH are shown in Figure S2 (Supporting Infor-
mation). Due to the presence of the hydroxy groups in LCE-OH, it
has the signature broad absorption peak of —OH at 3400 cm™,%¢!
which is not present in LCE-C,, and LCE-COOH. The v(C=0) ab-
sorption bands in the 1780-1600 cm™ region are present in all
three LCEs.['3] However, the intensity and position of the v(C=0)
peak of LCE-COOH is shifted downfield due to the formation

Adv. Funct. Mater. 2023, 2312068 2312068 (3 of 8)

of hydrogen-bonded networks, as confirmed by temperature-
variable FTIR analysis shown in Figure 2a. As the temperature
increases from 25 to0 95 °C, the peak of v(C=0) at 1724 cm ™" shifts
to a higher frequency (1727 cm™!) which has been attributed to
the breaking of the hydrogen bond.”’]

Indirect evidence on the formation of the H-bonded network
in LCE-COOH is also provided by differential scanning calorime-
try (DSC) experiments. As shown in Figure 2b and Figure S3
(Supporting Information), the glass transition temperature (T,)
of LCE-COOH (23 °C) is significantly higher than that of LCE-
OH (6 °C) or LCE-C, (-1 °C). This suggests much stronger
supramolecular crosslinks through COOH dimerization as op-
posed to the anticipated weak OH---OH contacts. The presence of
hydrogen bonds also alters the mechanical properties of the LCEs
(Figures 2c and 2d), with Young’s modulus and tensile strength of
LCE-COOH (272.9 MPa / 11.7 MPas) being significantly higher
than those o LCE-OH (20.4 MPa / 7.2 MPa) and LCE-C,, (2.5 MPa
/ 1.5 MPa). At the same time, the fracture strain is reduced from
949% (LCE-C,,) to 27.2% (LCE-OH) and 5.5% (LCE-COOH).

Due to pronounced mechanical stiffening upon hydrogen
bond formation, unlike the other two LCEs, the LCE-COOH can
jump when placed on a hot plate together with a small amount of
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Figure 3. Jumping LCE. a) Snapshots of an LCE-COOH strip jumping on
a 95 °C hot plate through releasing stored elastic energy. Scale bar: 1 cm.
b) The jumping height of the LCE-COOH strip at different temperatures.
The shaded area represents the standard deviation obtained from n = 3
experiments. Actuator dimensions: 10 X 2 x 0.1 mm3.

water (Figure 3).88% When heated, the LCE-COOH strip tries to
bend and stores energy due to the reduced molecular alignment,
but still adheres to the hot plate due to the surface tension of the
water. When the water evaporates, the stored energy is released,
causing the strip to jump. As shown in Figure 3a,b and Movie
S1 (Supporting Information), the maximum jumping height is
observed at 95 °C. This can be attributed to the competition be-
tween the elastic energy-storing process during heating and the
decrease in capillary force caused by water evaporation. Lower
hot plate temperatures induce a smaller elastic strain and energy
for jumping, whereas higher temperatures result in rapid evap-
oration of water, leading to a sudden drop of capillary adhesion
before enough elastic energy can be stored. The mechanical stift-
ening is closely tied to enhanced material hardness and the sub-
sequent rise in elastic potential energy. This can be elucidated
by the increased elastic modulus, signifying the material’s capac-
ity to resist deformation in response to external forces. This aug-
mented resistance necessitates the storage of elastic energy, rep-
resenting the material’s ability to promptly revert to its original
shape post-deformation. Materials with higher mechanical hard-
ness can accumulate more elastic energy, the release of which can
lead to rapid, snap-through-type motions.®!/Hence, LCE-COOH
exhibits jumping motion (Figure 3) while under the experimental
conditions used, its lower-modulus counterparts, LCE-OH and
LCE-C,,, do not.

2.3. Shape Memory Programming and Reversible Actuation

Like any shape-memory material, the LCE-COOH can be pro-
grammed into different temporary shapes upon mechanical de-
formation at sufficiently high temperature, followed by cooling
under stress. As shown in Figure 4a, the original shape can be re-
stored when reheated to the programming temperature (100 °C).
From the three LCEs studied, only LCE-COOH underwent the
shape memory effect (Figure S4, Supporting Information). Re-
versible actuation of the shape-programmed LCE-COOH is illus-
trated in Figure 4b and Figure S5 (Supporting Information). The
actuation direction can be controlled due to the splay alignment
of the strip, leading to closing motion if the homeotropic side
and opening if the planar side is on the outside, respectively. The
maximum temperature for the thermally induced reversible actu-
ation is limited by the temperature at which a large enough frac-
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tion of the carboxylic dimers have opened up. In LCE-COOH this
takes place when the temperature exceeds 50 °C, above which the
material loses the programmed shape and returns to its original
state (Figure S6). To avoid this, the experiments were conducted
with 200 mW cm™ light intensity, giving rise to photothermal
heating to ca. 40 "C (Figure 4e). Higher light intensity, however,
gives rise to higher surface temperature and hence larger bend-
ing curvature (Figure 4e; Figure S7, Supporting Information). We
also note that the deformation of LCE-COOH under both thermal
(Figure 4c) and photothermal (Figure 4d) stimulus is much less
pronounced than for LCE-OH, due to the mechanical stiffening
caused by hydrogen bonding (Figure 2c). In addition, the thick-
ness of the LCE strip greatly influences the actuation speed, in-
creasing thickness leading to slower material movement. This is
illustrated in Figure S8a (Supporting Information), showing that
the bending speeds for 100, 50, and 20 ym LCE-COOH strips
are ca. 3.1, 1.6, and 0.9 s, respectively. Thinner strips also ex-
hibit faster recovery speeds due to enhanced heat dissipation
(Figure S8b, Supporting Information). However, it is essential to
note that while thinner strips exhibit faster response speed, as a
trade-off they generate smaller forces and may exhibit reduced
stability during shape-memory programming. Therefore, for all
subsequent experiments, LCE strips with a thickness of 100 um
were used.

2.4. Gripping and Locomotion

To demonstrate the utility of the proposed programming con-
cept in small-scale soft robotics, we present two proof of concepts
(Figure 5). The first one is a gripper (Figure 5a; Movie S2, Sup-
porting Information) whose initial shape can be changed to fit ob-
jects of different sizes. The gripper can be opened via photother-
mal actuation to grab the object, and it closes once the photother-
mal stimulus is removed. The object remains captured in the
dark and can be released under similar irradiation conditions. Al-
though several gripper designs with sufficient bending for grip-
ping action under light irradiation have been reported,*88283] in.
creased light intensity tends to soften the material, resulting in
lower force generation to grasp the object. The strength of the
present design is the relatively low photothermal heating and
most of all the fact that the gripping function remains after the
illumination is ceased. Figure 5b demonstrates a crawling LCE
locomotor (see also Movie S3, Supporting Information) which,
in order to move, requires frictional force asymmetry between
the front and back feet.[#*#5] The usual solution is to encode the
friction bias either on both sides of the crawler or to use ratcheted
surfaces.8#8 In the present design, this is achieved by program-
ming the shape of the actuator strip, resulting in the required
friction anisotropy for inducing net movement. After changing
the actuator geometry that affects the contacting angle between
the strip and the surface, the crawling speed of the robot in-
creases (Figure S9a,b, Supporting Information). The walking tra-
jectories of the differently shaped locomotors are further quanti-
fied in Figure S10a—c and Movie S4 (Supporting Information),
where we fixed the light source and controlled the on-off switch-
ing in cycles consisting of 20 s irradiation followed by 20 s of
darkness. It is evident that the movement speed of the strip
with temporary shape 2 is significantly higher than the one with
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Figure 4. Shape memory programming and reversible actuation. a) Shape memory programming of LCE-COOH upon mechanical deformation at
100 °C and subsequent cooling to room temperature. The original shape can be retained upon re-heating. b) Reversible actuation of a shape-
memory-programmed LCE-COOH strip under mild heating. The splay-aligned strip can be programmed to either bend or unbend upon heating.
c) Temperature-induced bending of splay-aligned LCE-COOH and LCE-OH strips. Insets illustrate the bending process. d) Photothermally induced
bending of splay-aligned LCE-COOH and LCE-OH strips. The shaded area represents the standard deviation of n = 3 measurements. Insets illus-
trate the bending process. e) Light-induced heating kinetics of LCE-COOH strip upon 460 nm illumination at different intensities. All strip sizes are

12 % 2% 0.1 mm3.

temporary shape 1. We note, however, that as the forward mo-
tion of the walking robot is controlled by varying friction through
shape programming, not by altering surface roughness, the
movement speed for both shapes is relatively slow. The shape of
the locomotor can also be accommodated to fit inside confined
spaces such as glass tubes (Figure 5b; Figure S9¢c, Supporting In-
formation). A flat temporary state, in turn, facilitates movement
through a narrow pathway, and after making its way through,
the original curved actuator profile can be restored (Figure S11),
attesting the utility of the concept of combining shape-memory
programming and reversible actuation in facilitating movement
through tight spaces.3%

3. Conclusion

We have shown that by incorporating dynamic hydrogen-bond
crosslinks into Aza-Michael addition-based, chain-extended
LCEs, it is possible to combine shape programming through
the shape memory effect, and reversible actuation through LCE
(photo)actuation. This is enabled by the incorporation of car-
boxylic acid groups that dimerize via hydrogen bonding,®!
while hydroxy groups do not provide sufficiently strong bonds
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to support the shape memory effect. The introduction of the
supramolecular crosslinks enhances the mechanical properties
of the LCE and endows it with the shape memory function while
maintaining the ability to undergo reversible photothermal actu-
ation under mild temperature stimulation. Compared to previ-
ous studies employing carboxylic acid-containing LCEs as base-
treated salts,!1371:9991 the preservation of the carboxylic dimers
and their dynamic bonding properties is critical for our approach
to work. The programmable actuator is further utilized as a light-
controlled gripper whose shape can be accommodated to fit the
size of the object, and as a reconfigurable crawling robot that can
be adjusted in shape to fit different confined spaces. We believe
that the method presented, combining (re)programmable shape,
reversible (photo)actuation, and environmental adaptability may
add new diversity for the future development of responsive-
materials-based actuators and small-scale soft robots.

4. Experimental Section

Materials:  1,4-Bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2  methyl-
benzene (99%, RM82) was purchased from SYNTHON Chemicals GmbH
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Figure 5. Gripping and locomotion. a) A light-controlled gripper with different temporary shapes. The figures demonstrate the use of the same gripper
programmed to grab different-sized objects. b) A crawling robot with changeable initial shape. The figures illustrate locomotion on a piece of paper or
inside a tube. Irradiation conditions 460 nm, 200 mW cm™2. All strip sizes are 24 X 2 X 0.1 mm?3.
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& Co. Disperse Red 1 was purchased from Merck. 6-Amino-1-hexanol,
dodecylamine, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (I-819)
and y-aminobutyric acid were purchased from TCI. All chemicals were
used as received.

LCE Film Preparation: Two coated glass substrates were glued to-
gether to form LC cells. One slide was coated with a homeotropic align-
ment layer (JSR OPTMER, 4000 RPM for 1 min, followed by baking at
100 °C for 10 min and 180 °C for 30 min) and the other with rubbed
polyvinyl alcohol (PVA, 5% water solution, 4000 RPM for 1 min, and baked
at 100 °C for 10 min). 100 um microspheres (Thermo scientific) serve as
spacers to determine the thickness of the LCE strips.

For LCE-OH and LCE-COOH, liquid crystal mixtures were prepared by
mixing 0.14 mmol RM82, 0.06 mmol dodecylamine, 0.06 mmol 6-Amino-
1-hexanol or y-aminobutyric acid, 1.0 wt% Disperse Red 1, and 2.0 wt%
of 1-819. For LCE-C;,, the corresponding mixture contained 0.14 mmol
RM82 and 0.12 mmol dodecylamine. The mixtures were filled into the LC
cells via capillary effect at 100 °C and cooled down to 63 °C (1 °C min~").
The cells were put in an oven to allow the Aza—Michael addition reaction
for oligomerization for 24 h at 63 °C, followed by polymerization under UV
light (380 nm, 180 mW cm~2, 30 min). Finally, the cells were opened with
a blade and strips with desired dimensions were cut from the film.

Material Characterization: The Fourier Transform Infrared (FTIR)
spectra were recorded on a Perkin Elmer Spectrum Two spectrometer
between 4000-650 cm~! with a clean ATR crystal used as reference.
Differential Scanning Calorimetry (DSC) measurements were performed
with a Netzsch DSC 214 Polyma instrument at a heating/cooling rate of
10 °C min~'. The measurements were performed with 6-10 mg of sam-
ple at 1 bar under nitrogen atmosphere (flow rate of 20 mL min~") in the
temperature range between —50 and 150 °C. Stress—strain curves were de-
termined with a homemade tensile tester from 0.1 mm thick films with a
stretching speed of 0.05 mm s~

Optical Characterization: Canon 5D Mark Il camera with 100 mm lens
was used to capture optical images and relevant research videos. Thermal
images were captured using an infrared camera with a close-up (2) lens
(FLIR T420BX). CoolLED pE-4000 was used in this project for photopoly-
merization, actuation, and isomerization of the LCE films. A video analysis
software was used to analyze the related data (Kinovea).
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