
1. Introduction
Shape memory elastomers (SMEs) are a class of in-
telligent materials that have been utilized over the
past decades in a wide range of applications, such as
soft robotics, aerospace engineering, smart actuators
and sensors, and biomedical devices [1–4]. These
materials have the ability to deform and memorize
their temporary shape and eventually recover to their
original shape under applied stress and an external
stimulus. Several external stimuli are currently used
to activate the shape memory effects of polymeric

systems, such as heat, UV, electric and magnetic
fields, water, and pH [5]. Among them, heat is com-
monly used for activation [6, 7]. The molecular ar-
chitecture of the elastomer also plays a critical role
in allowing the material to exhibit shape memory ef-
fects [8, 9]. The SMEs typically consist of two pre-
requisite constituents, including netpoints and switch
units. The netpoints (hard segments) are responsible
for determining the original shape of the SMEs due
to their ability to store the elastic energy during the
shape memory process [10]. This segment can also
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help SMEs to maintain their temporary shape due to
their chemical or physical crosslinks or interpene-
trated networks (IPNs). The switch units (soft seg-
ments) are responsible for maintaining the temporary
shape and recovering the original shape through
transition temperatures [11]. A well-balanced pro-
portion of these constituents can lead to an excellent
shape memory performance via thermomechanical
shape memory processes.
Liquid crystalline elastomers (LCEs) are stimuli-re-
sponsive materials that have gained increasing atten-
tion for their potential shape memory effects [12,
13]. The molecular structure of LCEs consists of
mesogens (hard segment) and flexible tails (soft seg-
ment), allowing them to possess the typical under-
lying molecular mechanism of SMEs [8]. These ma-
terials can also respond to many external stimuli via
the shape deformation process [12, 14–16]. The LCEs
typically exhibit two transition temperatures: glass
transition temperature (Tg) and nematic-isotropic
transition temperature (TNI). These transition tem-
peratures allow the LCE structure to rearrange from
solid-crystal to liquid-crystal and isotropic states. In
the shape memory mechanism of LCEs, TNI is uti-
lized as a switching point because it is higher than
room temperature, resulting in no interruptions from
ambient conditions.
Reactive mesogens (RM)-based LCE have become
a crucial nematic-LCE for SMEs [17, 18]. This class
of LCEs can be thermally stimulated to mobilize its
networks via a nematic-isotropic transition temper-
ature (TNI) [19]. Traugutt et al. [20] have studied the
effect of solvent used in the synthesis process on
shape memory properties of RM257-based LCE.
The results showed that the shape fixity (Rf) and the
shape recovery (Rr) of the case with solvent was ap-
proximately 62.8 and 99.5%, respectively These prop-
erties were higher than the case without the solvent.
Guin et al. [21] have reported that combining two
reactive (diacrylate) mesogens, RM82 and RM257,
in the LCE system results in an excellent thermal ac-
tuation up to 11 cycles, provided that the LCE struc-
ture remains stable and can maintain an actuation be-
havior through thermal deformation processes.
Other LCE systems have also been developed to
study the shape memory effects. Wen et al. [22] syn-
thesized a multiple-shape memory LCE from a novel
polyurethane with exchangeable carbamate function-
al groups. This LCE system indicated two liquid
crystal phases, including smectic-A and nematic,

showing two transition temperatures: smectic-nemat-
ic transition temperature (TSmN) and nematic-isotrop-
ic transition temperature (TNI). As a result, these ma-
terials showed the Rf of 84.5 and 88.6% for the first
and second temporary shapes and an outstanding Rr
of 99% for both shapes. Rousseau and Mather [23]
studied the shape memory properties of main-chain
smectic-C LCE synthesized by benzoate mesogenic
groups. This LCE revealed an Rf of 83.6% and an ex-
cellent Rr of 99.1% via a thermal-induced process.
These reported works on neat LCEs show their ex-
cellent potential as candidates for shape memory ma-
terials and possessing a significant Rr characteristic.
However, there seems to be a shortcoming in achiev-
ing full Rf using these LCEs systems, and important-
ly that all the critical compounds used in their prepa-
ration produced from non-renewable sources and
hence limiting their applications for large and high-
volume applications. It is also noteworthy to men-
tion that currently available systems are synthesized
from expensive compounds, making their wider up-
take cost-prohibitive. Another key performance at-
tribute that requires further improvement is the
longer recovery time of shape memory applications
developed from the existing homogenous LCE sys-
tems [24]. These shortcomings are some key barriers
to the further adoption of these promising class of
smart materials for the development of exotic indus-
trial and space applications.
To address the aforementioned shortcomings and fur-
ther improve the shape memory characteristics of
LCEs, creating composites of LCE and naturally de-
rived compounds such as lignin is one promising op-
tion. Thanks to the high concentration of aromatic
compounds and the complex interconnect molecular
structures of monolignols, often providing large sur-
face areas, they can be incorporated as rigid fillers
into the LCE matrix to provide synergistic effects not
available in the existing homogenous systems, oth-
erwise. These composite LCEs can therefore provide
mitigation strategies for improved Rf and being abun-
dant as well as renewably obtained, increase sustain-
ability in terms of cost and scalability. An example
of such lignin sources is obtained from Kraft pulping
process as a by-product, which contributes to 85% of
the total lignin manufacturing globally [25]. This bio-
material is a three-dimensional macromolecular poly-
mer constructed from three different phenylpropane
monomer units; p-coumaryl alcohol, coniferyl alco-
hol, and syringyl alcohol [26]. It has gained increasing
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attention in many research areas due to its remarkable
properties, including low cost, renewability, bio -
degradability, high thermal stability, anti-oxidation,
and high UV absorption properties [27–29]. These
properties also promote lignin as a significant natural
resource fulfilling the global demand for other envi-
ronmentally benign polymeric materials.
In shape memory applications, incorporating lignin
into the shape memory polymeric systems increases
the density of netpoints (hard segment) in the com-
posites due to its networked phenolic structures and
intermolecular hydrogen bonding [30]. These char-
acteristics can enhance the Rf of the polymeric com-
posites to approximately 100% [31]. This biomater-
ial can also improve the tensile modulus and strength
of the composites, resulting in broadening areas of
engineering applications [32, 33]. Moreover, the
copolymeric structures of lignin-co-poly(ester-amine-
amide) exhibited a triple-shape memory effect via a
thermomechanical process [34]. Therefore, given an
appropriate molecular structure of lignin, this mate-
rial offers potential as a good filler in preparing LCE-
based shape memory elastomeric composites with
improved intrinsic properties, including dynamic
mechanical and shape memory properties.
To achieve the desired characteristics in the shape
memory applications, we considered the liquid crys-
talline elastomeric composites in which Kraft lignin-
based bio-filler is added to diacrylate mesogens-
based nematic LCE. This work focuses on the syn-
thesis and characterization of new elastomeric liquid
crystalline (ELC) composites with the goal of under-
standing how lignin improves shape memory prop-
erties and other underlying characteristics of com-
posite materials. The nematic-type LCE was synthe-
sized from diacrylate mesogens named RM257 and
pentaerythritol tetra (3-mercaptopropionate) (PETMP)
via a base-catalyzed thiol-Michael addition reaction.
The lignin with different weight ratios was physical-
ly mixed to generate the ELC composites. The shape
memory characteristics were measured, including Rf,
Rr, and recovery time. The effect of lignin filler is
also studied on the thermal, dynamic mechanical,
and morphological properties of the composites.

2. Experiments
2.1. Materials
The chemicals used in this study include diacrylate
mesogen named 1,4-bis4-(3-acryloyloxypropypropy-
loxy) benzoyl-oxy]-2-methylbenzene (RM257), which

was purchased from Daken Chemical (China). Kraft
lignin (alkali lignin), pentaerythritol tetra (3-mer-
captopropionate) (PETMP)-based crosslinking
agent, and dipropyl amine (DPA)-based catalyst
were purchased from Sigma-Aldrich, Inc. (Aus-
tralia). Toluene was purchased from Thermo Fisher
Scientific Australia PTY LTD (Australia).  All these
materials were used as received without further pu-
rification.

2.2. Sample preparation
The LCE samples were prepared following the same
procedure reported in our previous work [17]. Briefly,
RM257 monomers were dissolved by adding 40 wt%
of toluene and heated at 80 °C in an oven until a ho-
mogenous solution was achieved. The solution was
then left to cool down to room temperature. To de-
velop composites, Kraft lignin was added at different
mass ratios of 3, 5, and 7 wt% into the solution and
was stirred until a well-dispersed mixture was
achieved. In the next step, 36 wt% of PETMP was
added to the system and stirred for several minutes.
Dipropyl amine (DPA) was separately diluted in
toluene at a mass ratio of 1:50, and subsequently,
14 wt% of the diluted DPA was added into the mono -
mer mixture. All the constituents were instanta-
neously stirred and subsequently placed in a vacuum
oven for 1 min to remove the bubble that occurred
during mixing. The mixture was immediately trans-
ferred into the mold and left to cure at room temper-
ature for 24 h. After the polymerization was com-
pleted, the LCE samples became glossy white and
transparent elastomeric materials. Finally, the sam-
ples were heated to remove the solvent at 80 °C for
12 h before characterization. Figure 1 shows the mo-
lecular structure and the samples of all the mono -
mers, LCE, and ELC composite after completing the
synthesis process.

3. Characterization of LCE and composites
3.1. Fourier transform infrared spectroscopy

(FTIR)
FTIR analysis was conducted on structural charac-
terization of LC monomer (RM257), Kraft lignin,
LCE, and ELC composite samples. The FTIR Nico-
let iS5 (Thermo Scientific) was utilized to charac-
terize the chemical compositions of the samples. The
spectra were scanned in a transmittance mode with
a scan range of 4000 to 400 cm–1, and the scan times
were 64 scans per sample.
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3.2. Thermal properties
A differential scanning calorimeter (DSC) 2960 (TA
Instruments, USA) was employed to characterize the
thermal properties of LCE and composite samples.
The sample mass of 5 to 10 mg was used and sealed
in an aluminum pan. The heating rate of 5 °C·min–1

and cooling rate of 3 °C·min–1 were set for running
the sample in the temperature range of –40 °C
150 °C. The samples were run under an N2 atmos-
phere with a dispersed rate of 110 ml·min–1. The
phase transitions of LC monomer, LCE, and ELC
composites were characterized.
A thermogravimetric analyzer (TGA) Q50 (TA In-
struments, USA) was used to measure the thermal
stability of the samples. The sample mass used was
in the range of 10 to 20 mg. The testing temperature
was ramped from 25 to 800 °C in the air with a heat-
ing rate of 10 °C·min–1. Thermal degradation tem-
peratures and derivative thermogravimetric (DTG)
curves of LCE and ELC composites were deter-
mined.

3.3. Dynamic mechanical properties
A discovery hybrid rheometer (DHR) HR-1 (TA In-
struments, USA) was used for dynamic mechanical
analysis (DMA) in a tensile mode. The dynamic me-
chanical properties of the LCE and ELC composites
were measured in an oscillation procedure. The sam-
ple dimensions were 30×6×1.2 mm3 for L×W×T.
The temperature was ramped from –10 to 120 °C
with a heating rate of 3°C·min–1. The axial displace-
ment and frequency were set at 25 μm and 1 Hz, re-
spectively. The storage modulus of LCE and ELC
composites at nematic and isotropic states was meas-
ured using storage modulus curves at 25 and 110°C,
respectively. The nematic-isotropic temperatures (TNI)
of all samples were determined from the second peak
of the tan δ. This temperature was then used as a
switching point in a shape memory process.

3.4. Shape memory properties
A DHR with a tensile mode was also used to evalu-
ate the shape memory properties, including Rf and Rr
of LCE and ELC composites. Shape memory testing
was conducted via a four-step thermomechanical
process under a stress-controlled condition. The sam-
ple was pre-heated at 105 °C, above its TNI, and
stretched with a 5%·min–1 strain rate for 10 min. The
sample was cooled down to 25°C with a cooling rate
of 5°C·min–1. The force was unloaded, and the sample

was kept at 25 °C for 10 min. The sample was re-
heated at 105 °C to recover with a heating rate of
5°C·min–1 and kept at this temperature for 20 min.
The Rf and Rr were calculated in the unloading and
reheating steps by Equations (1) and (2):

(1)

(2)

where εi is the residual strain in the unloading step
after deformation, εm is a maximum strain applied to
the samples, εp is the strain after recovery of the sam-
ples, and n is the number of cycles.
The recovery angle of LCE and ELC composites
was measured as a function of time to study the ef-
fect of Kraft lignin on the recovery time of the spec-
imens. The rectangular-shaped samples were pre-
heated in an oven at 105 °C for 20 min. Then, they
were deformed to a U-shape and cooled down to
room temperature. The U-shaped samples were then
put into an oven at 105°C, where a degree protractor
was set inside. A video camera was used to record the
shape recovery behavior of these samples until they
were completely reversed to a rectangular shape.
This method was reported by Likitaporn et al. [35].

3.5. Scanning electron microscopy (SEM)
The surface morphology of the ELC composites
fraction was studied using a scanning electron mi-
croscope (Zeiss Supra 40VP, Germany) at an accel-
erating voltage of 15 kV. The micrographs were taken
at magnifications of 100× to 200×. The exposed sur-
face was coated with Au for 1 min before analyzed.

4. Results and discussion
The molecular structures of the respective liquid
crystalline monomer, namely, RM257 and the cross -
linking agent named PETMP used to polymerize
liquid crystalline elastomer, are shown in Figure 1a.
These two compositions were reacted using a DPA-
based catalyst via a thiol-Michael addition reaction.
This catalyst was responsible for accelerating the
reaction between the electron-deficient vinyl groups
of RM257 structures and the thiol groups of PETMP
[36]. This reaction was completed after curing at
room temperature for 24 h. For the ELC compos-
ites, Kraft lignin was physically mixed into the LCE
system at 3, 5, and 7 wt%. Figure 1b displays the
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Figure 1. Molecular structures of RM257 monomers and a four-armed PETMP crosslinking agent (a); molecular structure
of the crosslinked LCE (b); schematic of the ELC composites with lignin filler (c); an image of the LCE and ELC
composite samples with Kraft lignin (d), from left to right; neat LCE, ELC composites with 3, 5, and 7 wt% lignin,
respectively.



molecular structure of lignin utilized in this work,
which is from a pulping process. The schematic
of lignin-filled in ELC composites is shown in
Figure 1c. In addition, the neat LCE and ELC com-
posite samples with different weight ratios of Kraft
lignin after completing the synthesis process are
shown in Figure 1d.

4.1. FTIR analysis
The FTIR spectra of Kraft lignin, LC monomers
(RM257), neat LCE, and ELC composites were col-
lected to study their chemical compositions. The FTIR
spectrum of Kraft lignin was observed in Figure 2a.
The broad peak at 3215 cm–1 corresponds to the
O‒H stretching of hydrogen-bonded aromatic and
aliphatic groups. The peaks observed at 2934 and
1424 cm‒1 correspond to the C‒H stretching in
methyl and methylene groups. The peaks at 1592 and
1511 cm‒1 correspond to aromatic ring vibration.
The O‒H vibration of phenolic groups is observed at
1369 cm‒1. The peaks at 1215 and 1029 cm‒1 are at-
tributed to vibration in the syringyl and guaiacyl
structures [37]. The O‒H stretching of secondary and
primary alcohols is observed at 1123 and 1079 cm‒1.
The peak at 853 cm‒1 corresponds to the out-of-plane
vibration of the C‒H bond of aromatic deformation.
These FTIR peaks of Kraft lignin are similar to those
reported by Kong et al. [38] and Brazil et al. [39].

The FTIR spectra of LC monomers (RM257), LCE,
and ELC composites with different Kraft lignin con-
tents are divided into region 1 (3800 to 2200 cm‒1)
and region 2 (1800 to 400 cm‒1), as illustrated in
Figures 2b, 2c, and 2d. In region 1 (Figure 2b), the
FTIR peaks of RM257 monomers and the LCE sam-
ple present a slight shift in the range of 2992 to
2842 cm‒1. This is possibly due to the formation of
inter- and intramolecular bonding of C‒H stretching
groups [37]. Figure 2c focuses in the range of 3800
to 3000 cm‒1 of the FTIR curve, where it can be ob-
served that the FTIR peaks slightly intensifies in the
region corresponding to stretching of the O‒H
groups, indicating contributions of hydrogen bond-
ing due to further increase of the lignin in the com-
posite. In region 2 (Figure 2d), the FTIR spectrum
of LC monomers (RM257) exhibits a significant
peak at 808 cm‒1, corresponding to the out-of-plane
vibration of the C‒H bond of the acrylate group.
While a 1715 cm‒1 peak relates to the C=O stretch-
ing of the mesogenic acrylate ester group. These
peaks were similarly reported by Kamal and Park
[13]. For the LCE sample, the peaks at 1636 and
810 cm‒1 disappear due to the interaction of acrylate
groups of RM257 and thiol groups of PETMP. This
interaction also reduces the height of a 1411 cm‒1

peak of the acrylate groups of the RM257 mono -
mers. For the ELC composites, the FTIR spectrum
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Figure 2. The FTIR spectra of Kraft lignin (a), and region 1 and region 2 of RM257 monomer, LCE and ELC composites
from 3800 to 2200 cm‒1 (b), 3800 to 3000 cm‒1 (c), and 1800 to 400 cm‒1 (d).



of these samples with different lignin contents has
no noticeable change compared to the neat LCE
sample spectrum due to a small amount of lignin
content filled in the LCE system.

4.2. Thermal properties
DSC was utilized to study the thermal properties of
the LC monomer, LCE, and ELC composites. Figure 3
shows the phase transitions of RM257 monomers
with well-defined temperature changes. The mono -
mers were heated first at a rate of 5°C·min‒1 and then
cooled at 3 °C·min‒1. In the heating step, the heat
flow of these monomers shows a minor endothermic
peak at 41 °C and two significant peaks at 76 and
128°C. The minor peak at 41°C is attributed to a crys-
tal-crystal phase transition of the monomers [40].
Meanwhile, the two significant peaks correspond to
solid crystalline-nematic (TCrN) and nematic-isotrop-
ic (TNI) transition temperatures. These phase transition
behaviors were previously reported by Kim et al.
[40]. In addition, the exothermic peaks that occur in
the cooling step at 127 and 31 °C correspond to TNI
and re-crystallization temperature, respectively. This
figure depicts that the monomers can reorient their
molecular structure from isotropic state to nematic-
liquid crystal and solid crystalline states upon the
change in the temperature.
Figure 4 depicts the DSC thermograms of LCE and
ELC composites at various Kraft lignin contents

from 3 to 7 wt%. A neat LCE curve demonstrates a
glass transition temperature (Tg) at ‒4°C and TNI at
96 °C. Meanwhile, Tg of the ELC composites in-
creases with increasing Kraft lignin content. The ob-
served enhancement in the Tg of the composites is
because Kraft lignin has condensed rigid phenolic
moieties that suppress the thermal mobility of the
composite structures compared to neat LCE samples
[41, 42]. However, TNI of the ELC composites could
not be detected by standard DSC due to its lower res-
olution, and hence these were determined from Tan
delta under dynamic mechanical analysis to identify
all the phase transitions. The values of Tg of neat LCE
and all ELC composites are included in Table 1.
The thermal stability of the LCE and ELC composite
samples was studied using thermogravimetric analy-
sis (TGA). This property is defined as the ability of
the polymers to resist heat and thermal decomposi-
tion upon an increase in temperature [43]. Figure 5
depicts the TGA and derivative thermogravimetric
(DTG) thermograms of the neat LCE, Kraft lignin,
and the ELC composites with 3, 5, and 7 wt% lignin
contents. From the thermograms, the TGA curve of
the Kraft lignin exhibits a slight decrease at approx-
imately 100 °C due to the water evaporation. The
significant degradation of this biomaterial occurs in
the temperature range of 100 and 550 °C. The max-
imum weight loss from a DTG curve is 436 °C,
which is suggested to be due to the fragmentation of
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Figure 3. DSC thermogram of liquid crystalline monomer
(RM257).

Figure 4. DSC thermograms of liquid crystalline elastomer
(LCE) and ELC composites with different mass ra-
tios of Kraft lignin.

Table 1. DSC and DMA results of LCE and ELC composites at various weight ratios of Kraft lignin.

Samples
DSC DMA

Tg
[°C]

TNI
[°C]

TNI
[°C]

E′ at 25°C
[MPa]

E′ at 110°C
[MPa]

Neat LCE –4 96 97 06.5 0.3
ELC composites + 3wt% lignin 4 – 78 11.9 1.0
ELC composites + 5wt% lignin 11 – 86 14.2 1.7
ELC composites + 7wt% lignin 16 – 76 60.3 4.8



carbohydrates, aromatic rings, and inter-linkages re-
leasing phenols into a vapor phase [39, 44]. Mean-
while, the residual weight of lignin at 700°C is ap-
proximately 4.8%.
The neat LCE sample indicates two maximum peaks
at 403 and 591°C, relating to a two-step degradation.
The first peak corresponds to the fragmentation of
aliphatic chains in the LCE structure. However, the
second peak relates to the degradation of aromatic
rings in a mesogens segment. For ELC composites
with 3 to 7 wt% Kraft lignin content, three distinct
steps of degradation are observed in the DTG curve.
The peaks at 392 and 580 °C are the degradation of
aliphatic chains and mesogens of LCE, respectively.
Meanwhile, the DTG peak at 431 °C is the fragmen-
tation of Kraft lignin in the composite samples. From
these thermograms, incorporating Kraft lignin into
the LCE matrix barely affects an improvement in the
thermal stability of the composites. The ELC com-
posites exhibit their thermal properties similar to the
neat LCE samples.

4.3. Dynamic mechanical properties
Storage modulus (E′) and tanδ of LCE and ELC com-
posites were investigated using a DHR in the tensile
mode. Figure 6 shows the storage modulus (E′) of
the LCE and ELC composites as a function of tem-
perature. The results show that the LCE has two ther-
mal relaxations identified as glass transition temper-
ature (Tg) and nematic-isotropic temperature (TNI).
These transition temperatures manifest the changes
in the chain mobility and orientational order of the
LCE and ELC composite structures. In the nematic
state, the E′ at above Tg dramatically drops to a lower
modulus value due to the internal nematic director
(n–) relaxation modes of the orientational order of the
LCE structures [45]. Above this point, the E′ shows

a minimum corresponding to TNI. In the isotropic
phase, the E′ shows an upturn due to the entropic
rubber elasticity of the LCE [45].
For the composite samples, the E′ curves show sim-
ilar trends in thermal relaxations to that of the neat
LCE. It, therefore, seems that the amount of Kraft
lignin has no dramatic effects on the orientational
and positional orders of the LCE structures at ele-
vated temperatures. However, in absolute terms,
Kraft lignin content significantly increases the stor-
age modules (E′ values) of the ELC composites in
both nematic and isotropic states at 25 and 110 °C.
The results show that the E′ of the neat LCE at these
states are 6.5 and 0.3 MPa, respectively. The E′ of the
composites increases upon the addition of Kraft
lignin by approximately an order of magnitude at ne-
matic state and well above that at isotropic states
summarized in Table 1. This enhancement in the
storage modulus in the composites compared to neat
LCE was expected as the rigid aromatic structures
of lignin increase the stiffness of the composite
structures [33, 46].
Tanδ of LCE and ELC composite samples are shown
in Figure 7. Tan delta is the ratio of energy dissipated
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Figure 5. TGA (a) and DTG (b) thermograms of the LCEs, Kraft lignin, and ELC composites with different lignin content,
tested in air.

Figure 6. Storage modulus (E') of LCE and ELC composites
with various lignin contents.



per cycle of sinusoidal deformation (loss modulus,
Eʺ) over the storage modulus, Eʺ/E'. From the dia-
gram, the overall trend in tan delta curves of all com-
posite samples is similar to the neat LCE. They ex-
hibit two distinct peaks at different temperature
regions. The first peak corresponds to Tg, and the
second peak is defined as TNI. For shape memory ap-
plications, TNI is typically used as the switching tem-
perature between the original and temporary shapes
because this temperature is commonly higher than
the room temperature and hence less sensitive to
changes in the ambient conditions. Table 1 also sum-
marizes the TNI of all samples, and it can be observed
that incorporating lignin into the LCE reduces this
temperature. As the temperature increases, the kinet-
ic energy of the structural unit in both lignin and
LCE rises, which results in both increased overall
free volume and enhanced mobility of the molecules
in LCE matrix and the lignin filler. This is the pos-
sible driving factor for the further interaction be-
tween the functional groups of the two polymers.
With the increased interaction, and perhaps through
diffusion-based mechanism, the rigid lignin structure

seems to disrupt the orientational order of the LCE
structure and hence the earlier observed onset of ne-
matic to isotropic transition in the LCE composites.

4.4. Shape memory properties
Shape memory properties of the LCE and ELC com-
posites, including Rf and Rr, were characterized by a
DHR in tensile mode. The samples were deformed
and recovered via a thermal-induced process using
TNI as a switching temperature. The Rf is the ability
to maintain a temporary shape of the samples after
unloading at a low temperature. The Rr relates to the
recoverability of the samples to their original shape
upon being reheated to an elevated temperature. The
values of these two key shape memory properties
were calculated by Equations (1) and (2). Figure 8
illustrates changes in the strain of the neat LCE and
3 wt% Kraft lignin ELC composites in various steps
of the shape memory process. The results show that
the Rf of the neat LCE sample is 91.2%. Meanwhile,
the LCE exhibits an excellent Rr, approximately
99.7%. For the ELC composites, the Rf significantly
improved with increasing Kraft lignin content, as in-
dicated in Table 2, where composites show an Rr of
nearly 100%. It is suggested that the aromatic struc-
tures of lignin with strong intermolecular hydrogen
bonding can enhance the netpoints density in the
composite system, leading to an improved Rf of the
composite samples [30, 47].
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Figure 7. Tan δ of neat LCE and ELC composites at various
lignin contents.

Figure 8. Changes in the strain as a function of the temperature of neat LCE sample (a) and ELC composite with 3 wt%
lignin (b) via the thermomechanical shape memory process.

Table 2. Shape memory properties of the neat LCE and ELC
composites.

Samples

Neat
LCE

ELC
composites +
3 wt% lignin

ELC
composites +
5 wt% lignin

ELC
composites +
7 wt% lignin

Rf [%] 91.2 95.6 94.7 97.0
Rr [%] 99.7 99.5 99.8 99.6



Figure 9 illustrates the steps taken during the ther-
momechanical shape memory process for the cases
of neat LCE and ELC composites with 7 wt% lignin.
A rectangular shape of various samples was first
heated at 105 °C for 15 min by a heat gun. Then, the
sample was manually deformed to a curled shape at
this temperature. It is then cooled down to room tem-
perature to maintain the temporary shape in this step.
In the recovery step, the curl-shaped sample was re-
heated at 105 °C, resulting in a gradual recovery of
the sample to its original rectangular shape. As a
comparison, the shape memory behavior of the com-
posite samples was also studied through a similar
thermal-induced process, which turned out to be
similar to the neat LCEs; however, the recovery time
is faster than the neat LCE sample.
To evaluate the recovery time of LCE and ELC com-
posite samples at a well-defined temperature, we
measured their recovery angle over time through the
following protocol. The rectangular-shaped samples
with 3 mm thickness were deformed to a U-shape at
105 °C (above their TNI). The samples were then
cooled down to room temperature to fix this shape.
The samples were placed in an oven, and their shape
recovery behavior over time was quantified through
readings of a degree protractor set inside the oven
(see Figure 11). The initial U-shape of the samples
was set as 0° on the protector. A video camera record-
ed the recovery angle of the samples as a function of
time at 105°C until the samples recovered to a rec-
tangular shape (180°).
Figure 10 shows the recovery angles of all the sam-
ples as a function of time. It further shows that the
angle of the neat LCE sample initiates its recovery

at 70 s and fully recovers at 100 s. In addition, the
presence of Kraft lignin content reduces the recovery
time of the composite samples. The ELC composites
with 3, 5, and 7 wt% Kraft lignin start to recover at
40, 20, and 10 s, respectively. Eventually, all-com-
posite samples recover to a rectangular shape within
85, 75, and 70 s, respectively. These results further
suggest that lignin operates as extra netpoints or hard
segments in the shape memory mechanism, leading
to an enhanced ability to store a higher degree of
elastic energy during the deformation process [48].
The release of this energy during the recovery
process associated with the mobility of the flexible
tails of the LCE structure enables the ELC compos-
ites to recover faster than the neat LCE.
Figure 11 illustrates a series of screenshots of the re-
covery behavior of all LCE and ELC composites at
various times through their recovery process at
105°C. It is observed that lignin improves the recov-
erability of the ELC composite samples compared
to the neat LCE.

4.5. Scanning electron microscopy (SEM)
The surface morphology of the 7 wt% lignin ELC
composites fracture was studied using SEM analysis
with magnifications of 100× to 200×. This analysis
allows the investigation of the dispersion of Kraft
lignin particles in the LCE matrix. Figure 12 illus-
trates that the Kraft lignin particles are spherical and
embedded within the matrix. In this case, the spher-
ical shape of Kraft lignin is necessary for its isotropic
reinforcement [49]. The Kraft lignin is liable to ag-
glomerate in the LCE matrix due to the stronger co-
hesion and weaker adhesion forces to the phenolic
structures between the lignin particles [50]. The par-
ticles further exhibit a large scatter in the particle
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Figure 9. Steps of the thermomechanical shape memory
process of LCE and 7 wt% lignin-ELC composites.

Figure 10. Recovery angle of the neat LCE and ELC com-
posites with various lignin contents as a function
of time.



size range, which is mainly 20 to 100 μm. From this
figure, even though the lignin particles exhibit poor
dispersion and no surface modification, this filler can
improve the properties of the composite samples. It
can be confirmed by the DMA results that an addi-
tion of Kraft lignin content improves the storage
modulus of the ELC composites compared with the
neat LCE counterpart. In this case, the lignin parti-
cles are responsible for the rigid reinforcing phase
due to their high stiffness.

For shape memory applications, Kraft lignin distrib-
utes throughout the LCE matrix, allowing an in-
crease in the netpoints density in the composite struc-
tures. Furthermore, the ability to hydrogen bonding
of this filler with other molecular structures con-
tributes to the netpoints density of the composites
[47]. Thus, the addition and distribution of this bio-
material in the LCE samples can improve the shape
memory characteristics, including Rf as well as re-
covery time of the ELC composites based on RM257.
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Figure 11. Screenshots of recovery angle at various times during the recovery process of LCE and ELC composites at 105°C,
recorded by a video camera; a) neat LCE, b) ELC composite with 3 wt% lignin, c) ELC composite with 5 wt%
lignin, and d) ELC composite with 7 wt% lignin.

Figure 12. SEM fractured surface of ELC composites with 7 wt% lignin at 20 μm (a) and 100 μm (b). Arrows point out
lignin particles.



5. Conclusions
In this work, we successfully fabricated new diacry-
late mesogen-based ELC composites with Kraft
lignin as the biobased filler for shape memory appli-
cations. The results of the lignin-ELC composites in-
dicate excellent Rr via a thermomechanical shape
memory process of nearly 100%. Specifically, the
addition of lignin improves the Rf of the ELC com-
posites in the range of 94.% to 97.0% upon its addi-
tion in the range 3 to 7 wt%, respectively. This bio-
material can also reduce the recovery time of the
composites when heated at a high temperature. The
7 wt% lignin composites could fully recover within
70 s, while the neat LCE sample showed a full re-
covery in 100 s.
Lignin-ELC composites as a novel combination,
provide an excellent opportunity to develop more
sustainable shape memory composite materials, given
that they can be obtained from renewable resources
and are abundant in nature. Lignin offers versatile
chemistry due to its intrinsic structural aromatic
compounds available through functional groups, viz.
p-coumaryl, coniferyl, and syringyl alcohol.
Furthermore, the presence of Kraft lignin imparts
improved dynamic mechanical properties in the
composites by especially promoting the storage
modulus as a key indicator of structures’ true stiff-
ness. The tendency of lignin particles to form spher-
ical agglomerates at a macroscopic scale provides
for an isotropic reinforcing effect in the ELC com-
posites while enhancing the shape memory charac-
teristics of the resultant composites.
The overall improved thermal and mechanical stabil-
ities of the ELC composite improve the robustness of
the applications where these are employed and hence
enhance their long-term durability against environ-
ments exerting high thermal and mechanical stresses.
Based on these results, the lignin-ELC composites
have the potential to enable more sustainable appli-
cations of shape memory elastomeric composites in
a variety of industrial environments for smart sensing
and actuations such as soft robotics, smart actuators
and sensors, and high-end space engineering.
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