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Mechanical anisotropy in compressive-
stress shape-programmed liquid crystal
elastomers and polymer-dispersed liquid
crystal elastomer composites

% Check for updates

Marta Lavri¢', Luka Racman Knez?, Valentina Domenici® & Andraz Reseti¢'?

Polymer-dispersed liquid crystal elastomer composites (PDLCEs) combine the thermomechanical
capabilities of liquid crystal elastomers (LCEs) with the softness of a silicone matrix. The high-
temperature persistent glass phase in LCEs allows preservation of the instilled deformations during
thermal cycling, leading to reprogrammable shape-memory in both LCEs and PDLCEs. This provides
a unique opportunity to study mechanical properties within a single shape-programmed specimen by
imposing different mesogen configurations or particle geometries, without the need for repeated
synthesis. We specifically focus on compressive programming, which induces transverse mechanical
anisotropy and a mesogen configuration with a negative order parameter. Directional stress—strain
and thermomechanical tests reveal that, despite the elastic matrix, PDLCEs retain mechanical
properties comparable to pure LCEs, highlighting the role of mechanical anisotropy together with
inclusion alignment and geometry. The degree of mesogen ordering is evaluated in LCEs, while a
modified Halpin—Tsai model captures the mechanical response of PDLCEs.

Due to their thermomechanical (TM) properties and shape-changing
capabilities, liquid crystal elastomers' (LCEs) and their composite coun-
terparts, polymer-dispersed liquid crystal elastomers> (PDLCEs), are pro-
mising candidates for implementation in future devices as soft smart
materials*. Their actuation capabilities originate from the order-disorder
transition of their liquid crystal molecular components, or mesogens, trig-
gered either by light irradiation or changes in temperature'.

In addition to their reversible TM actuation, which is intrinsic to the
ordering instilled during LCE preparation, the shape of LCEs can also be
reprogrammed by various methods™®. One approach involves the use of
light- or temperature-sensitive reversible bonds that, once activated, re-
crosslink the reshaped LCE network into a new geometry, from which it can
then actuate reversibly until the bonds are dissociated by a similar
stimulus™'’. Another method exploits the temperature-dependent glassiness
of the LCE polymer network, allowing the material to be fixed into a tem-
porary shape at low temperatures and to irreversibly relax back to its original
form once heated above the glass phase®'’—a mechanism widely
employed in shape-memory polymers".

In all cases, such manipulations involve deforming the sample into a
new shape, which introduces additional ordering into the LCE network and

reorients the mesogens along the direction of the applied mechanical field.
As a result, the material can become highly anisotropic in the ordered state,
affecting not only the magnitude and direction of TM deformation, but also
its mechanical properties, which now depend on the orientation of the
applied stress relative to the imprinted mesogen and polymer network
alignment'.

A similar situation is observed in PDLCEs, which are composed of
dispersed LCE microparticles embedded in a soft silicone matrix™’. In such
composites, the actuating properties of the LCE microparticles, once
orientationally ordered so that their mesogen alignment faces the same
direction, are transferred to the entire PDLCE, enabling TM actuation’.
Moreover, other similar TM properties are inherited by the composite as
well, including shape-memory behavior’. PDLCEs can therefore be
reshaped by taking advantage of the glassy behavior of the LCE inclusions,
enabling a new shape to be imprinted under constant stress during thermal
cycling. The process involves heating the sample so that the inclusions soften
and deform under stress; as the composite cools back into the glass phase,
they solidify and lock in the new shape.

While one of the key characteristics of LCEs is their TM anisotropy, it
would be beneficial for many applications to develop a soft smart material
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Fig. 1| MC-LCE composition and schematic of the programming and measuring
process. a MC-LCEs are comprised of a polymer network made from divinyl ter-

minated main-chain monomers (1), polymer chain extenders (2) and crosslinked

with five-point crosslinkers (3). MC-LCEs were synthesized as a bulk, polydomain
system, from which cube-shaped samples were cut. Phase transition temperatures
are based on ac calorimetry measurements performed in our previous study’.
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b Programming of the sample is carried out by thermal cycling to and from the
isotropic phase while maintaining a programming stress. The programmed shape
can then be reset to the original geometry by another thermal cycle without an
applied load. ¢ For the experiments, the sample was shape-programmed in one
direction and then measured from all three to yield the associated Young’s moduli,
E and E | with respect to the programming stress.

that can retain its mechanical properties independently of the internal
anisotropy required for actuation. PDLCEs hold that potential, due to the
presence of a soft, elastic, and TM-isotropic silicone matrix, which can
suppress the influence of the embedded LCE material. However, we will
show that this suppression is limited, as the mechanical anisotropy in
PDLCE:s is significantly affected by the geometrical changes of shape-
programmed inclusions.

The mechanical anisotropy of LCE materials with uniaxially aligned
mesogen order has already been extensively studied and is well
understood'“". In contrast, far fewer studies have addressed anisotropy
induced via compressive stress”**. Compressive stress produces trans-
verse mesogen alignment relative to the loading direction, resulting in a
negative order parameter that is not trivial to achieve with tensile
programming™. The role of the negative order parameter in LCEs and
PDLCEs could be relevant not only from a mechanical perspective, for
instance, in stress dissipation or directional material stiffening”**, but
also from an optical standpoint™. In the context of 3D shape program-
ming, compressive stress naturally occurs in many geometries and pro-
vides a straightforward means of programming such materials.
Understanding its effect is therefore necessary to clarify the TM response
of both LCEs and PDLCE composites, as it can also lead to actuation
behavior not accessible with tensile programming alone. Experiments
under compressive loading are relatively uncommon, as most work in the
field has focused on thin-film LCE geometries. Bulk LCE systems pro-
duced via additive manufacturing represent an exception, although their
mechanical behavior depends on a complex interplay between mesogen
alignment and printing parameters, such as deposition direction and
layer orientation™ .

To clarify the mechanisms behind the observed mechanical aniso-
tropy, we investigate the TM mechanical behavior of both PDLCEs and
their LCE counterparts, first to quantify and control the level of TM
anisotropy achieved through shape programming, and second, to iden-
tify the underlying contributions from mesogen ordering in both systems
and from particle geometry in PDLCEs. The experimental results are
further analyzed by applying existing theoretical models. The negative
order parameter in LCEs is estimated from directional modulus mea-
surements, while the Halpin-Tsai model, used to predict the mechanical
properties of polymer composites with anisotropic inclusions, is applied
to evaluate the influence of particle geometry on the mechanical response
of PDLCEs.

Results

Main-chain liquid crystal elastomers

Shape reprogramming in the MC-LCEs presented here is enabled by a high-
temperature glass phase, where thermally induced dissolution and recrys-
tallization of crystallites significantly modify the mechanical properties of
the material (Fig. 1). As the temperature changes from the glass phase to the
nematic phase, tensile tests in our previous study’ showed that the associated
Young’s modulus decreases by nearly two orders of magnitude, from
Egas = GPato E,,, — kPa. This enables deformation of the material at
elevated temperatures and imprints the imposed strain by fully arresting
relaxation upon cooling below the glass-to-nematic phase transition. This
alsoleads to an ‘on-demand’ imprinting of material anisotropy and provides
the opportunity to study mechanical properties with respect to the internal
molecular arrangement, albeit in the glass phase. Since the new molecular
configuration remains frozen until reset at a higher temperature, the
direction of anisotropy can be chosen during programming and subse-
quently measured along any desired direction.

In order to assess the mechanical anisotropy in LCEs, we synthesized
an irregular piece of polydomain MC-LCE material with an approximate
volume of 1 cm’, from which we cut a cube-shaped sample (Fig. 1a; see also
“Methods”). The geometry of the sample allowed for directional shape
programming under a constant compressive load (Supplementary Fig. 1). A
compressive deformation of approximately A, .. = 0.40 was imprinted in
the sample, and the Young’s modulus was measured in all three directions
(Fig. 1b, ¢). We define the deformation parameter as A = 1 + ¢, where
e =AL/L, is the elastic strain, measured from the ratios of the length
change AL and the initial length L. After each experiment, the sample’s
shape was reset by heating to the isotropic state, reprogrammed in a different
direction, and the measurements were repeated.

The results shown in Fig. 2a present a significant drop in Young’s
modulus in the parallel direction to the programmed strain (EH)’ ie.,
measured when 0y.||0y,,,, While an increase in the modulus in the per-
pendicular directions (E, ), i.e., when 0o L 0p1og is observed. The moduli
are normalized with the respective E; values of the non-programmed
sample to account for the initial variations in E between the three directions
of the MC-LCE cube. Non-normalized values can be found in Supple-
mentary Fig. 2. The decrease in the parallel directions is similar for all three
configurations, with the average value of E, /E, & 0.43. Correspondingly,
the perpendicular component rises on average to about E | /E, ~ 1.17.
Here, the values exhibit larger variations, mostly due to the non-ideal
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Fig. 2 | Anisotropic Young’s moduli of a shape-programmed MC-LCE and
temperature relaxation of mechanical anisotropy. a The graphs show the nor-
malized Young’s modulus values for each programmed configuration, i.e., pro-
grammed perpendicular to the X, Y, and Z surfaces. The error bars are significantly
smaller in the programmed direction due to good contact between the holders and
the sample surface, which conformed to the holders during shape programming.

Temperature (K)

b Young’s modulus as a function of temperature is shown for the relaxed and shape-
programmed MC-LCE in the parallel and perpendicular directions against the
programmed surface. For clearer comparison, the moduli are normalized to the E,,
value measured at T, = 343K, i.e,, the synthesis temperature of the material,
where no internal stresses are expected to be present. The profiles were measured
during both heating and cooling runs.
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Fig. 3 | Instilled mechanical and mesogen order anisotropy in a shape-
programmed MC-LCE. a The E; and E, moduli diverge significantly with
increasing memorized deformation, with E|| decreasing and E | increasing. The
lines represent values calculated from Eq. (1) and show good agreement with the
experimental results. The parameters used in the calculation were obtained from
measured material properties, Ej = 14.06 MPa and E} = 8.37 MPa, and with
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v=0.5. b Step-length anisotropy r is obtained from the measured Young’s moduli
(green squares), calculated using Eq. (2), and from the parallel and perpendicular
memorized deformations (black and red squares, respectively), via the relations
A = r'*and, = r~1/5. The graph also shows the corresponding order parameter
Q (right side values). In all cases, r and Q decrease with increasing memorized
deformation, with some deviations between r, Qg and ), Qy.

contact between the thinner shape-programmed sample and the holders.
Nevertheless, the significant changes in E|; and E | values indicate the for-
mation of an ordered system from the initial polydomain MC-LCE.

The effect can be reversed by heating the sample. The graph in Fig. 2b
shows the evolution of the measured Young’s moduli of the shape-
programmed and non-programmed MC-LCE with temperature. The
memorized strains are completely reset once heated above the nematic to
isotropic phase transition (see also Supplementary Fig. 1), while the ani-
sotropy in the Young’s modulus in both directions vanishes above 330 K,
where all E(T) curves begin to follow similar behavior. This temperature
coincides with the transition temperature from the glassy to the nematic
phase of the material’. After cooling, the sample consistently returns to its
polydomain state, although in this experiment it settles slightly below the
initial, non-deformed value (Fig. 2b, red stars).

Further tests demonstrate that the extent of mechanical anisotropy is

material (Fig. 3). Here, the modulus of the programmed sample remains
isotropic in both direction (E,,,,,/E, ~ 1) at lower memorized deforma-
tion, A, < 0.90, after which the E| and E| moduli begin to diverge with
increasing memorized compressive strain. This strain corresponds to the
known threshold at which polydomain LCE systems begin to reorient their
LC domains along the direction of applied uniaxial tensile stress, resulting in
increased mesogen order in that direction'. This reorientation also renders

parallel and a lower modulus when perpendicular to the mesogen
alignment'"".

In our case, the mesogens are forced into a transverse configuration by
the applied compressive stress (Fig. 1c). Such alignment is associated with a
negative mesogen order parameter Q, where Q = —1/2 represents a
complete in-plane distribution of mesogens, relative to the chosen director
n. A direct observation of a negative Q as the consequence of applied
compressive stress has been reported in a polymer network™, while theo-
retical studies of compressive deformation in monodomain LCEs have
shown the formation of lamellar domains under increasing stress™, con-
sistent with mesogen arrangements characterized by a negative order
parameter. We can likewise estimate the imprinted negative order para-
meter Q by evaluating the step-length anisotropy r from the measured
mechanical properties of the sample, as described below.

In terms of polymer chain conformation, the LCE’s molecular con-
figuration is characterized by the step length anisotropy r = [ /I, , which
describes the ratio between the parallel and perpendicular components of
also reflected in the amount of strain programmed into the MC-LCE  the step length tensor I = Diag(/, , I, ). This tensor reflects the current
nematic ordering in the LCE network as determined by the effective step
length of the polymer chain’s random walk' (Supplementary Fig. 3). When
r=1, the polymer chain conformation is spherical (I, =1, ), and the
material is isotropic, exhibiting no directional thermal deformation. For
r>1, the network adopts a prolate configuration (I, >1,), while r<1
indicates an oblate configuration (I <I, ). As a result, the material under-
goes spontaneous thermal contraction (for r > 1) or elongation (for r < 1)
the material’s properties anisotropic, with a higher modulus when measured ~ along the direction /;; upon heating, with the amplitude of deformation

givenby A =r

1/3

. Since the LCE block in our experiments initially exhibits

an isotropic or polydomain state with no predefined nematic director, we
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Fig. 4 | PDLCE composition and shape- a)
programming. a PDLCEs are composed of non-

oriented MC-LCE microparticles embedded in a

silicone polymer matrix. b Such non-aligned

PDLCEs do not exhibit any reversible TM actuation,

similar to their polydomain MC-LCE counterparts.

However, the shape-memory properties are still

conveyed to the composite.
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assign a reference direction parallel to the programming stress (I} [|0,,,)-
Accordingly, the shape programming under compressive stress transforms
the network from a spherical to an oblate configuration, i.e., from r = 1 to
r <1 (Supplementary Fig. 3).

The step-length anisotropy r can thus be determined directly from
A =r'/3, where A = L,/L,, is the reversible spontaneous relaxation, cal-
culated from temperature relaxed (L,) thickness and the sample length in
the isotropic phase (L;,)". For a compressive stress shape-programmed
material, this would be the stretch parameter describing the temperature
induced relaxation between the programmed shape (L, .., ) and the isotropic
state of the sample, A, ... = Ly em/Liso- Since our sample is polydomain, it
exhibits no overall anisotropy (r = 1) in the relaxed state, meaning that
L, & L. The material’s maximum contraction during heating to the iso-
tropic phase is indeed minimal (A(T = 410K) &~ 1.025, Supplementary
Fig. 1) and can be safely neglected. The anisotropy r related to the shape-
programming of the sample can therefore be calculated from the total
relaxation of the programmed memorized strain, A, = L. /Ly, deter-
mined from the room-temperature measurements of the memorized and
the initial, temperature relaxed length. By assuming a shear free deforma-
tion, A = Diag(A,, 1), A), and material incompressibility, A, = 1 /A2,
the parameter r can also be separately determined from the A, and 1,
measurements.

Besides the TM response, polymer chain anisotropy is also evident in
the different mechanical properties along and perpendicular to the polymer
network alignment. In our case, the anisotropy r can be derived from the
changes in Young’s modulus of the initial and shape-programmed LCE
block based on to the imposed shape-programmed deformation. The the-
oretical background for obtaining the anisotropic stretch moduli of an
ordered LCE material is well described in ref. 34, and we specifically adopt
these calculations, originally derived for the tensile stretch moduli of an
ordered LCE block, and apply them to our case. The modified approach is
summarized in Supplementary Text 1. In summary, because our system
relaxes from a programmed, ordered state back to a polydomain config-
uration, the spontaneous thermally induced deformation must be treated as
the reverse of the typical isotropic-to-nematic transition.

For small compressive strains, where A — 1, the two stretch moduli
components of a shape-programmed LCE system are therefore expressed
as:

E, = E'A’andE, = E1~% 6
where Eﬁ and E) are the Young’s moduli of a non-programmed
polydomain LCE, v is the Poisson ratio and A = A, is the stretch parameter
associated with the temperature relaxation from the programmed to the
initial length of the material, measured in the direction of the programming
stress. A clear distinction between Eﬂ and EY is made here, due to the
discrepancies between the measured moduli of the non-programmed LCE
(Supplementary Fig. 4). As seen in Fig. 3a (black and red lines), the two
calculated moduli match well with the measured values, although the
calculations had to be shifted to exclude the data below the non-

programmable strain of A,,,,, >0.90 (transparent lines), where the system

remains isotropic — a condition not accounted for by Eq. (1). The
transparent lines are the continuation of the theoretical curve beyond this
onset and are only indicative.

For an incompressible material, where v = 1/2, the step length ani-
sotropy can now be determined from the ratios between the compressive
moduli of the non- and shape-programmed LCE material:

B’

Ey

E,E

EO
_h @
El
Knowing the value of the anisotropy ratio allows us to further deter-
mine the order parameter':

_r—l

Q_r+2

(€)

The evaluations for the step length parameter r and order parameter Q
are presented in Fig. 3b as a function of the imprinted deformation A ., and
grouped based on their derivation, either from the measured moduli ratio
(rg> Qg—green squares) or from the programmable deformation relaxation
(ry, Qy—red and black squares). Results show that increasing memorized
strain reduces r and realigns the system toward a configuration with an
increasingly negative order parameter. While the overall trend is consistent
between the two methods, r; and Qy remain constant for deformations
Apem > 0.90, where no mesogen alignment is expected, consistent with the
typical 10% strain threshold for domain reorientation'. This behavior is not
reflected in the 7, and Q, values, likely because the glass phase of the system
locks the specimen in the deformed configuration before any domain
reorientation occurs. This suggests that the strain-derived parameters may
not accurately capture the mesogenic ordering.

Overall, the very low values of ry; = 0.1 and Qp; = —0.45 at
Amem = 0.4 suggest an almost entirely transverse mesogen distribution.
Similar values were reported in the literature® for a thin nematic mono-
domain system, where perpendicular stretching relative to the director
enabled an in-plane reorientation of the nematic domains toward a negative
order parameter. More related to our case, modeling of an LCE under
compressive stress” show the formation of transversely ordered lamellar
domains that are localized at the center of the sample. Since we measure the
bulk mechanical properties of the entire specimen, we suggest that the
extracted r;; and Qj values probably capture such a lamellar configuration,
thus providing a more realistic representation of mesogen ordering. Further
analysis, for instance with NMR*** or XRD measurements™, could offer a
deeper insight into the local ordered state of the material.

Polymer-dispersed liquid crystal elastomers

When MC-LCE material is used as micro-inclusions in PDLCEs, they act as
microscopic, temperature-dependent hardeners (Fig. 4). This means that
PDLCE:s can be shape-programmed in the same manner as the parent MC-
LCE material, because the MC-LCE microparticles prevent relaxation of the
deformed composite system once cooled back to the non-programmable
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Fig. 5 | Anisotropic Young’s moduli of a shape-programmed PDLCE composite
and temperature relaxation of mechanical anisotropy. a The extent of mechanical
anisotropy after shape programming is significantly reduced in PDLCEs, but the
trend, i.e., reduced E, and increased E | remains the same as in MC-LCEs. The
reprogrammability of the material is also preserved by the composite. Additionally,
a significant reduction in measurement error is observed, attributed to improved

Temperature (K)

contact between the PDLCE and the holder surfaces due to the softer and elastic
nature of the composite. b The mechanical anisotropy fully disappears after each
thermal reset of the PDLCE material. Heating curves become comparable after
343 K, which corresponds to the sample preparation temperature and also fall well
within the nematic phase of the material. The moduli are also normalized at this
temperature.
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Fig. 6 | Instilled mechanical anisotropy in a PDLCE composite at w; c; = 0.40. The
E, and E, follow a similar trend to those in the pure MC-LCE material—lower E,
and higher E | with increasing memorized deformation. The Halpin-Tsai evaluation
of the effect of LCE particle geometry on mechanical anisotropy is shown with
dashed lines. Solid lines represent the same Halpin-Tsai model with additional
consideration for the shape-memory induced anisotropy in the Young’s modulus of
the LCE microparticles (Eqgs. (8) and (9)). The results are normalized with the
Young’s modulus value of the non-programmed specimen.

glass phase”. The shape-programming properties are thus transferred onto
the PDLCE.

Because of the 3D solid geometry in which PDLCE composites can be
molded, compressive stress can be applied without significant issues. The
same type of experiment as conducted for the MC-LCE cube was performed
on a similarly sized PDLCE cube, in order to assess the extent of preservation
of the parent material’s properties, as well as to determine the role of the TM
inert matrix and the particulate nature of the inclusions on the overall TM
properties of the composite.

Figure 5a shows the effect of shape-memory on the Young’s modulus
on all three sides of the programmed PDLCE cube. The composite was
programmed with the same programming deformation as the MC-LCE
material (A, & 0.40). Overall, the mechanical behavior is mimicked by
the composite, with a decrease in the modulus on the programmed side and
an increase in the transverse directions. The extent of these changes is
significantly lower compared to the MC-LCE—the PDLCE material retains
approximately A, ... ~ 0.80, while the increase on the opposite sides is
somewhat comparable to that of the MC-LCE (A, — 0.20). The thermal
relaxation of the programmed stress (Fig. 5b) also mimics the behavior of
the original material, with an exception of a pronounced maximum
observed at T ~ 395K, which corresponds to the LCE’s N-I transition
temperature found at Ty_; =396K (see Fig. la). In all shape-

programming scenarios, the material is seen to always relax back to the
original dimensions.

The decrease in the anisotropy of mechanical properties is expected,
since 60 wt% of the composite is comprised of an elastic silicone matrix with
no shape-memory properties. This also accounts for the much lower
memorized deformation compared to the programming deformation
(Amem 7~ 0.80 versus A, ~ 0.40). In MC-LCEs, almost all of the pro-
gramming deformation is preserved by the LCE material. Despite these
differences, the transverse mechanical properties remain comparable
between the two materials.

This is also seen more clearly when the PDLCE composite is pro-
gressively shape-programmed (Fig. 6 and Supplementary Fig. 4). With
increasing memorized deformation, a growing divergence between the
normalized E|| and E | from a common initial value is observed, following a
trend similar to that seen in the MC-LCE material. The influence of the TM
inert matrix is further evident in the saturation of the memorized strain.
Even though the maximum programming deformation was A,,,,, = 0.40,
the PDLCE memorized deformation seems to saturate close to
Amem — 0.70. A notable mechanical anisotropy is only observed atA ., ~
0.97 (corresponding to ,,,,, = 0.80), indicating that the soft matrix limits
mechanical manipulation of the LCE microparticles, preventing significant
changes in their Young’s modulus or geometry that would affect the com-
posite’s mechanical response. Nonetheless, as noted earlier, while E is
sufficiently suppressed by the matrix, the E, values remain comparable to
those of the parent material (see Fig. 3a). This suggests that another
mechanism, beyond the shape retention of individual particles, contributes
to the comparable strain response.

Since the MC-LCE microparticles clearly retain the shape-memory
characteristics of the parent material, their geometry is also altered and
memorized following TM manipulation. We have previously shown that
even nominal applied stress, such as that generated by simple shear flow
during thermal cycling, is sufficient to reshape the particles into elongated
structures™, In the current experiments, which involve much greater stress,
the polarizing optical microscopy (POM) images show that the particles
undergo a comparable shape transformation, changing from their initially
isotropic, approximately spherical shape into ellipsoidal, disk-like forms
(Fig. 7). The top and side views further show that the LCE particles adopt a
transverse mesogen orientation, i.e., a negative order parameter Q: no light
polarization is observed from the top view in any direction, while the side
view clearly shows polarization along the disk plane (Fig. 7a and Supple-
mentary Fig. 5). The changes in the measured sample’s transmittance
illustrate this more clearly (Fig. 7b), where large fluctuations in intensity are
observed in the side view, with a maximum at every 45°, whereas the
intensity in the top view remains almost constant. This configuration is
retained until the sample is heated above the glass-transition temperature, at
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Fig. 7 | Polarizing optical microscopy of shape-
programmed PDLCEs. a LCE particles assume a
disk-like shape after shape programming—a cir-
cular geometry is seen from the top view (left), and
an elongated geometry from the side view (right).
Rotating the sample under crossed polarizers shows
no intensity change from the top, but a clear drop in
intensity is observed from the side, when the parti-
cles are oriented at 45° angles to the polarizers
(bottom row; see also Supplementary Fig. 5). b The
associated polar plot of the sample’s transmittance
I/1, shows a strong undulation in the side view (red
circles) in contrast to the top view (blue circles).

¢ The programmed shape of the LCEs (shown in side
view) is completely reset to the initial state after
thermal cycling over Ty.1. The numbers indicate
some examples of particle relaxation, zoomed in on
the bottom row for better visibility. Scale bars in all
images are 100 um. A retardation plate was used to
reduce light scattering for easier distinction between
individual microparticles, resulting in a purple
background.
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which point the particles revert to their original shape and polydomain state
(Fig. 7c).

Moreover, due to the uniaxial stress, the disk-shaped particles are
consistently aligned with their planes perpendicular to the stress direction.
This results in an overall light polarization by the composite when viewed
from the two different directions, as indicated by the slight change in
background hue (Fig. 7a). This effect disappears after thermal shape reset-
ting (Fig. 7c), when the particles return to their polydomain state and the
composite loses its light-polarizing feature.

The strong influence of inclusion geometry on composite
mechanical behavior is well known””, particularly regarding mechan-
ical anisotropy arising from aligned inclusions, as commonly seen in
extruded polymer composites” . In our case, the deformation-induced
shape change of the LCE particles should contribute significantly to the
anisotropic mechanical response of the PDLCE. Thus, the anisotropy in
the PDLCEs arises not only from changes in the modulus of the MC-LCE
inclusions, but also from their geometry and alignment established
during the programming process.

These effects of inclusion geometry and alignment on the effective
mechanical properties of composite materials can be estimated using
the Halpin-Tsai (HT) equations®, which relate the modulus of the
composite to the moduli of the matrix and the inclusions, incorporating
the volume fraction, aspect ratio, and geometry of the reinforcing
particles. In order to evaluate the magnitude of the particle’s shape on
mechanical properties, we therefore apply the same framework to our
system.

The Halpin-Tsai equations assume idealized inclusions that are either
fully aligned or randomly oriented. In our systems, a fully aligned dis-
tribution of disk-shaped LCE microparticles is not realistic, but we use this
as a limiting-case approximation to analyze the resulting anisotropic
mechanical response. Under this assumption, the Halpin-Tsai equations for
the Young’s modulus parallel and transverse to the direction of the shape-
programming stress can be expressed as follows™***:

1
E, = Eppys lt—?j (4)

and

14 2n¢
E,=E —_—
I PDMS s (5)

where{ =2 =24 y = g:_é andE, = ;,;C,i

Parameter ¢ in the above equations represents the volume fraction of
the LCE inclusions. E; ; and Epp)y denote the Young’s moduli of the LCE
and PDMS materials, respectively. The parameter A = t/d is the aspect
ratio, defined as the ratio between the particle thickness ¢ and the diameter d
for disk-shaped inclusions. The HT equations assume that the parallel
modulus Ej, ie., modulus measured perpendicular to the aligned disk
planes, is equivalent to that of composites with circular inclusions, where the
aspect ratio is 1, therefore parameter & = 2*°%,

Since the aspect ratio A changes after shape programming
depending on the applied programming stress, we aim to express A in
terms of the memorized deformation of the LCE fillers, Alf\’ measured
along the direction of the programming stress. Assuming that the LCE
material is incompressible with a Poisson ratio v = 0.5 and using the
relations Alfl = t/tyand | = d/d,, wheret,and d, are the initial particle
thickness and diameter prior to shape programming, it is straightforward
to show that:

A=a)" ®

Here, the parameter A, = t,/d,, denotes the aspect ratio of the initial
particle dimensions. For simplicity, we assume the non-deformed particles
are isotropic, and therefore set A, = 1 in further calculations. In practice,
the absolute aspect ratio of the non-programmed particles cannot be reliably
defined due to their broad shape distribution, which arises from the cryo-
milling process and random orientation within the matrix. Rather than
relying on particle geometry that is not well-defined, we express the effective
aspect ratio in terms of the experimentally measured memorized strain of
the composite, A, which inherently captures particle deformation,
reorientation, and non-ideal geometry.

The effective shape-memory of the composite is governed by the
preserved strain in the LCE inclusions but is reduced due to the elasticity and
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errors at higher memorized strains arise from the
samples being prone to shear deformations.

Memorized deformation 2,

Memorized deformation 2,

lack of memory of the polymer matrix. To relate the memorized defor-
mation of the LCE inclusions, /\ﬂ , to that of the PDLCE composite, A, we
approximate the PDLCE as a parallel-layered binary composite system
(Supplementary Text 2 and Supplementary Fig. 6). For our material com-
position, specifically due to the high LCE content, the preserved deforma-
tion of the PDLCE is demonstrated to be a direct transfer of the LCEs’
memorized shape, such that /lﬂ A Apem- The aspect ratio of the LCE par-
ticles (as defined in Eq. (6) can therefore be approximated as proportional to
the composite’s memorized deformation:

A2 )

We can now directly compare the measured moduli of the program-
mable PDLCE to the predictions obtained from the Halpin-Tsai model, as
presented in Fig. 6. The HT evaluation was calculated from the estimated
composite parameters, while volume concentration ¢ was altered to best
match the measurements. The material parameters in the HT equations
(Eqgs. (4) and (5)) were set as E;; = 11.4 MPa, ie,, the average Young’s
modulus between the measured three sides of the non-deformed LCE
material used for the samples (Supplementary Fig. 4) and Eppyg =
0.823 MPa obtained from compressive stress-strain measurement of pure
PDMS matrix (Supplementary Fig. 7).

The HT approximation (dashed lines in Fig. 6) provides a good fit to
the E | data for the volume concentration of ¢ = 0.528, within the expected
range for our PDLCE composition. However, the HT model is inadequate
for predicting E|, due to a known limitation in estimating the Young’s
modulus parallel to the disk surface**". As previously mentioned, the HT
equations assume an aspect ratio of 1, which yields a geometrical parameter
& = 2 in this direction.

We acknowledge that changes in particle radius could influence the
modulus predictions; however, according to the HT model, if the aspect
ratio remains constant, changes in particle radius alone should have little
to no effect on the predicted effective modulus. Based on this and sup-
ported by POM observations at low particle concentrations (Fig. 7)
showing that particles maintain an approximately circular cross-section,
we assume that despite the relatively high particle volume fraction and
close packing in our composite system, the aspect ratio remains
approximately constant (close to 1) with increasing memorized defor-
mation. We therefore propose that the observed changes in E arises not
from geometrical factors, but rather from the increasing anisotropic
behavior of the LCE material itself.

Consequently, we modify the classical HT model by rewriting the
stiffness ratio E, = E;p/Eppys in HT Egs. (4) and (5), so that it incor-
porates the two stretch-moduli components that describe the evolving
mechanical anisotropy of the LCE material, as given by Eq. (1). The mod-
ified expressions for E, are:

E
KL A e +9)° ®)

El =
EPDMS

and

E -
Ef = 2 Qe +97 ©
PDMS

for the parallel and perpendicular directions, respectively. Because the
dispersed LCE particles have no preferred alignment, the original E}) and E}
in Eq. (1) are no longer distinguished in the composite and are replaced by
the average Young’s modulus E; ;. An additional shift parameter s was
introduced to adjust the stretch-modulus expressions and account for the
lack of domain alignment above a certain strain threshold. Based on the
measurements shown in Fig. 3a, no mechanical anisotropy is observed for
strains A, > 0.87, and therefore the shift parameter was set to s = 0.13.

Using the same material parameters as before, the best fit with the
modified HT approximation (full lines in Fig. 6) was achieved with a slightly
lower volume concentration of ¢ = 0.515. The calculations now appear to
match the E, measurements quite well. While the trend in E, is partially
captured, the model tends to overestimate the values. Even if the shift
parameter s is set to zero, the model still fails to accurately account for the
increase in E . Interestingly, the rise in E | begins well before noticeable
changes are observed in E;,.

We thus conclude that, in addition to the inherent limitations of the HT
equations, the increase in E | is primarily governed by changes in particle
geometry, rather than by anisotropy in the Young’s modulus. In contrast, |,
appears to be more sensitive to mechanical anisotropy, as it is influenced by
relatively small or no changes in the overall aspect ratio along this direction.
This interpretation is supported by the measurements in Fig. 6, where a
noticeable decrease in E; is observed only at deformations above
Apem > 0.87 — a regime in which the strain is large enough to induce
domain realignment, but still too small to significantly affect the geometrical
factor. The opposite trend is seen in E | , which begins to diverge from the
model predictions already at lower memorized deformations, suggesting
that it is more strongly influenced by particle shape changes.

The above evaluation is performed on composites with LCE con-
centrations that exhibit the highest directional TM contraction when
magnetically aligned, as shown on the same composites in our previous
study”. This condition is found at w; o; = 0.40. For these systems, as well as
for similar PDLCE composites based on side-chain LCEs™*, we concluded
that the highest TM response is achieved around the percolation of LCE
particles, where the inclusion concentration is sufficiently high to observe
significant TM actuation, while still allowing enough freedom for successful
alignment under an external orienting magnetic field.

Regarding shape retention, the percolation level is not expected to play
adominant role, as the degree of shape memory should primarily depend on
the amount of filler LCE material. Nevertheless, the mechanical properties
of the PDLCE composites are expected to differ in the limiting cases, i.e., well
below or well above the percolation level. We have therefore repeated the
measurements of the induced mechanical anisotropy for two PDLCEs with
low (W g = 0.20) and high (w; = 0.50) LCE content (Fig. 8).
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The low-content system appears to exhibit behavior somewhat similar
to that of its w; oz = 0.40 counterpart. It shows a comparable degree of
anisotropy and, somewhat unexpectedly, also retains a high degree of
programmed deformation, with A, &~ 0.80. However, the evolution of E,,
and E | is now reversed compared to the wycy = 0.40 case: E|| decreases
significantly at low memorized strain, while E, remains nearly constant
until A, .., <0.90. Both moduli saturate for A, <0.85, resulting in further
increases in memorized strain without additional changes in mechanical
anisotropy.

At very low filler concentrations, the particles therefore appear to
deform more freely in the perpendicular direction, adopting a highly ani-
sotropic shape already at lower programming strains, as evidenced by the
immediate drop in E and the large A, ,.,,,- An increase in E | would also be
expected, however the low particle content likely leads to a reduced effective
modulus, possibly due to translational or rotational movements of the now
disk-like particles. In contrast to the w; - = 0.40 system, saturation of both
moduli is observed, which may indicate that the particles reach their
maximum aspect ratio change for A, <0.85.

To assess whether this behavior can be captured within a classical
composite framework, we attempted to apply the modified HT equations to
gain additional insight into the memory-anisotropy relationship. We were
able to partially capture the observed behavior at a volume fraction of
¢ = 0.832, with an average LCE modulus of E;; = 5.53 MPa and by
adjusting the shift parameter to s = 0.03 (solid lines in Fig. 8a). The
modified HT equations therefore reproduce the initial composite response
only when using a substantially higher effective filler concentration than the
nominal value. This indicates that the mechanical response in this regime is
governed by deformation-induced filler dominance rather than by the
actual inclusion volume fraction, reflecting the high proportion of the easily
deformable soft matrix.

The fitted filler concentration should thus be regarded as an effective
parameter reflecting enhanced filler-filler interactions and reduced matrix
load transfer under compression. In general, the validity of the HT equations
relies on efficient matrix-filler load transfer**’ and they are therefore
commonly applied to composites with moderate filler concentrations, often
below or close to the percolation threshold. As observed for PDLCEs with
wi g = 0.40, the load transfer is closer to a combined contribution from
both the LCE filler and the matrix material and the model in this case more
accurately reflects the composite’s mechanical response using realistic
material parameters.

At filler contents above the percolation level (Fig. 8b), the mechanical
response differs substantially from that observed at lower filler contents. The
composite almost completely memorizes the programmed deformation
(Amem = 0.47 at maximum Aprog = 0.40) and rather than an increase in
mechanical anisotropy, a similar reduction in both directional moduli is
observed. Both moduli saturate for A .., <0.70, while at memorized strains
Amem < 0.65 the sample becomes highly susceptible to shear deformation,
preventing accurate determination of the moduli. Under these conditions,
the HT equations are no longer applicable.

Above the percolation level, the mechanical properties of the
PDLCE can therefore be considered more homogeneous due to the
limited interparticle space, which hinders deformation into uniform,
disk-like shapes. The reduction in the moduli likely originates from a
soft-elastic response of this polydomain-like system. At the investigated
concentrations, however, direct distinction between particle shape and
polydomain structure is not possible using optical microscopy. Imaging
techniques, such as NMR imaging, could therefore provide valuable
insight into these systems.

Discussion

In this study, we prepared a cube-shaped polydomain main-chain LCE
sample by cutting it from bulk-synthesized material. Equivalent PDLCE
samples containing the same LCE material were molded for comparison.
Both materials exhibited effective shape fixation when programmed using
thermal cycling under constant compressive load or programming strain.

We successfully instilled varying levels of mechanical anisotropy in indivi-
dual samples and measured their mechanical properties under compressive
stress at room temperature in all three directions. After testing, the pro-
grammed shape and anisotropy could be erased by heating and repro-
grammed as needed.

In LCEs, the applied compressive stress reorients the mesogens
transversely, resulting in a negative order parameter, which was evaluated
based on the measured mechanical anisotropy. This anisotropy is reflected
in a reduced Young’s modulus along the programming direction and an
increased modulus perpendicular to it. The theoretical predictions taken
from™ align well with the measured directional moduli, even though the
LCE was tested in its glass phase.

In PDLCEs, the composite’s mechanical anisotropy originates from the
deformation of LCE inclusions, which transform from an isotropic to a disk-
like geometry under memorized deformation. These inclusions also exhibit
transverse mesogen alignment, consistent with the negative ordering
observed in the deformed bulk LCE, as confirmed by POM. The two moduli
diverge in a similar manner to the parent LCE at moderate concentrations of
wy g = 0.40 and below, though to a lesser extent along the programmed
direction. The PDLCE’s mechanical anisotropy was analyzed using a
modified Halpin-Tsai approach, which suggests that the parallel Young’s
modulus is more sensitive to increasing mechanical anisotropy of the LCE
domains, while the perpendicular modulus is primarily influenced by
changes in particle geometry.

The interparticle distance strongly affects the susceptibility of the
inclusions to shape programming, as shown by measurements of PDLCEs
with concentrations well below and above the percolation level. Below
percolation, a highly anisotropic system can still be programmed, whereas
above percolation the close packing of particles prevents the establishment
of well-defined particle shape order, thereby suppressing mechanical ani-
sotropy. Such high-content PDLCEs can be exploited for designing shape-
memory materials that retain an isotropic mechanical response even after
shape programming,

Overall, these results demonstrate that PDLCEs not only adopt the TM
and shape-memory properties of the parent LCE material***, but also
preserve directional mechanical properties. Given that the composites can
contain as little as 20 wt% LCE content to retain comparable shape-memory
performance, and around 40 wt% for TM actuation characteristics, they
represent a cost-effective platform for achieving programmable materials.
Furthermore, compressive programming is more readily achieved in
PDLCE:s due to their softer nature and more accurate molding.

Further studies could include methods such as NMR spectroscopy or
X-ray diffraction to quantify the order parameter imprinted after shape
programming in both LCEs and PDLCEs, while imaging techniques like
NMR imaging could assist in determining particle geometry at higher LCE
concentrations. Beyond the specific LCE and PDLCE systems investigated
here, composites incorporating shape-memory or otherwise repro-
grammable inclusions remain relatively unexplored. While Tg-driven
stiffness changes would provide a general route to relaxation arrest and
shape fixation, the magnitude and nature of the resulting mechanical ani-
sotropy remain strongly dependent on changes in particle geometry, as well
as on the intrinsic anisotropic properties of the inclusions. In this context,
LCEs remain distinct due to their soft elasticity arising from mesogen
domain reorientation, which enables particularly large and persistent ani-
sotropic responses. It would therefore be of interest to explore whether
comparable levels of intrinsic mechanical anisotropy can be achieved in
other composites with shape-programmable inclusions. Together with the
suggested approaches above, these studies could further clarify the influence
of transverse mesogen alignment in LCEs on the overall thermomechanical
behavior of such composite systems.

Methods

Liquid crystal elastomer preparation

Main-chain LCE material (MC-LCE) was prepared by mixing 1.2 mol of
1,1,3,3-tetramethyldisiloxane (used as a flexible chain extender) and
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0.08 mol of 2,4,6,8,10-pentamethylcyclopentasiloxane crosslinker with
1mol of divinyl-terminated mesogenic monomers in a glass flask. The
mesogenic monomers were synthesized according to the procedure
described in ref. 45. Detailed characterization of the components is available
in ref. 2. The mixture was dissolved in 1.3 ml of anhydrous toluene at 343 K,
then cooled to room temperature, after which 30 pl of a platinum catalyst
solution, prepared by dissolving (1,5-cyclooctadiene)platinum dichloride in
dichloromethane (71 mmol/1), was added. All chemicals were purchased
from Sigma-Aldrich and used as received.

The resulting MC-LCE mixture was transferred into an open cylind-
rical PTFE flask and crosslinked in an oven at 343K over two days to ensure
complete evaporation of the solvent. The crosslinked polydomain MC-LCE
retained the crude cylindrical shape of the PTFE flask. Cube-shaped samples
with side lengths of 2.0 £ 0.2 mm were cut from sections of the material
using a scalpel. Cutting was performed on a hot plate heated to 323 K, at
which the material becomes slightly softer and easier to handle. Each sample
surface was color-marked with a pen to preserve orientation between
samples and measurements. After cutting, samples were inspected for
imperfections such as cracks or cavities, and only those with a homogeneous
structure were selected for TM measurements.

Polymer-dispersed liquid crystal elastomer preparation
PDLCEs were prepared from the same batches and leftover polydomain
MC-LCE material used for producing the cube-shaped samples. The MC-
LCE was further cut into smaller pieces by using the same procedure as
described above ( < 1 mm?) and mixed with polydimethylsiloxane, Sylgard®
184 Silicone Elastomer Kit (PDMS), at an LCE weight ratio of w; o = 0.40
and additional w; o = 0.50 for production of PDLCEs with low and high
LCE content. The mixture was then freeze-fractured using a CryoMill
(Retsch GmbH). Milling parameters were as follows: 2 min of pre-cooling at
5 Hz, followed by four intervals of 3 min milling at 30 Hz, each separated by
30s of intermediate cooling at 5Hz. The total effective milling time
amounted to 12 min. The resulting mixture was scraped from the milling
cylinder and mixed at 363 K to form a liquid and homogeneous suspension.
Cube-shaped PDLCE composites were prepared by adding the PDMS
curing agent to the PDLCE dispersion at a 1:40 ratio (curing agent to PDMS).
For PDLCEs with wy; = 0.20, the dispersion was appropriately diluted
beforehand with additional PDMS. The dispersion was introduced into a
rectangular PTFE mold, evacuated to remove any air bubbles, and cured in an
oven at 343K overnight. The dimensions of the resulting strip-shaped
PDLCE composite were approximately 20.0 mm x 6.0 mm x 2.0 mm. A
2.0 mm-wide block was always cut from one end of the strip and divided into
three cube-shaped samples (2.0 + 0.2 mm per side), which were then used for
TM measurements. The sides of the PDLCE samples were marked with
different colored pens to preserve their original orientation.

Stress-strain measurements

Measurements of stress—strain properties were performed using a home-
built extensometer (Supplementary Fig. 8). The device consists of a
temperature-controlled chamber in which the sample is positioned centrally
between two cylindrical, piston-like holders. The sample rests on the bottom
stationary holder, which is connected to a strain gauge, while the upper
holder is mounted on a translator stage. The extensometer is designed to
measure the applied stress in response to the position of the upper holder at
the desired temperature. Shape-programmed samples were reshaped either
by applying a constant stress and thermally cycling the sample in the
extensometer to record the process, or by compressing the sample to the
desired dimensions using callipers while heating it with a heat gun set to
473 K, followed by natural cooling under constant compression to room
temperature. The dimensions of the programmed samples were precisely
measured from all sides with the extensometer before testing.

In cases where a good contact between the programmed LCE samples
and the holder could not be achieved, the sample was either further cut with
a scalpel or its surface was smoothened by briefly rubbing it against a hot
plate at 323 K. The latter method proved effective, and no difference in the

measured Young’s modulus was observed between cut and temperature-
smoothed samples. Due to the softer and more elastic nature of PDLCEs,
surface smoothing by heating was not effective, and PDLCE samples were
always cut to achieve an even and smooth surface. Mechanical anisotropy
was determined from Young’s modulus values, derived from stress—strain
measurements performed along all three sides of the cube-shaped samples.
All tests were conducted at room temperature (300 K), with both materials
stressed up to the maximum load permitted by the strain gauge, typically
around ¢ = 650 kPa. The Young’s modulus was determined by applying a
linear fit, 0 = Ee + k, within the stress range of 400 — 550kPa.

Temperature-resolved Young’s modulus was measured by heating and
cooling the samples between 293 K and 423 K and performing stress-strain
measurements at each temperature step of 5K or smaller within the glassy-
to-nematic transition range (up to 323 K), and in 10 K increments outside
this range. The applied loads were the same as those used for the mechanical
anisotropy measurements. A minimal load of o=2.5kPa was applied
during temperature changes to prevent any tilting of the sample, and a
5-min waiting time was used after each temperature step before measure-
ment. The Young’s modulus was measured in the parallel direction and in
one randomly chosen perpendicular direction, since the two perpendicular
components are equivalent, as confirmed by the results presented
throughout this study. In all cases, measurements were performed at least
three times per sample and further compiled from multiple measurements
on different samples (up to five), cut from at least two independent synthesis
batches.

Thermomechanical measurements

Thermomechanical measurements were performed using the same device as
for the stress—strain experiments. Shape programming and strain relaxation
were recorded by thermally cycling the sample between 293 K to 423 K at a
heating rate of 0.2K/ min, under a constant applied compressive load. A load
of 0 = 245kPa was applied for MC-LCEs and ¢ = 196 kPa for PDLCEs
during the first thermal cycle to record the shape-programming curve. After
this cycle, the load was reduced to approximately ¢ ~ 10 kPa to allow the
sample to relax back toward its initial geometry during the second thermal
cycle. For perpendicular shape relaxation measurements, the sample was first
shape-programmed under the same load as for the parallel direction, and only
the relaxation in the perpendicular direction was recorded.

Optical microscopy
All microscopy images were obtained using a Nikon Eclipse E600 optical
polarizing microscope. For this purpose, a low-concentration PDLCE
sample with w; oz = 0.005 was prepared, shape-programmed, and then cut
into thin sections (<0.2 mm) in the direction perpendicular or parallel to the
programming stress. The very low concentration was necessary to prevent
particle overlap during optical observation. Thermomechanical relaxation
measurements were performed using an Instec heating stage, with the
sample thermally cycled between room temperature and 423 K.
Angular-dependent transmittance was measured on the same samples.
The sample was rotated in 5° steps for the side view and 10° steps for the top
view, with a greyscale photograph taken at each step. Transmittance I /I,
was calculated from the total image intensity (I), normalized by the mean
intensity of the whole image set (I,)).

Data availability

Raw data generated in this study are available at https://doi.org/10.6084/m9.
figshare.29986360.v1. Materials and additional data are available from the
authors.
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