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The morphological features of particles, notably shape anisotropy, critically influence
the rheological properties of dense suspensions, spanning both natural and engineered
systems. This work explores the potential of using shape memory particles to
dynamically regulate suspension fluid flow through controllable shape transformations.
First, we synthesize shape-memory particles with programmable anisotropy from
liquid crystal elastomers, such that the stiffness and shapes of the particles can
be tuned by manipulating temperature. Our findings reveal that suspensions from
such particles exhibit significant tunability in shear thickening behavior, transitioning
from discontinuous shear thickening to a Newtonian-like response within a narrow
temperature range of 60 °C. This capability to modulate rheological responses in situ
presents an approach for addressing processing challenges in many applications where
control over flow behavior is paramount. Furthermore, we also show that suspensions
composed of these anisotropic particles can undergo physical aging, and evolve into a
glassy state. This state can be escaped upon activation of the shape memory effect. This
reversibility underscores the potential for using such materials to engineer systems that
can enter or come out of kinetic arrest by leveraging internal mechanical responses to
external stimuli. The insights gained here not only broaden our understanding of the
interplay between particle geometry and suspension dynamics but also pave the way
for leveraging ensembles of stimuli-responsive objects to precisely control collective
behaviors in many-body systems.

jamming | liquid crystal | colloids | stimuli-responsive | dense suspensions

Particle shape plays an important role in numerous physical and biological systems across
all length scales, ranging from molecular ordering (1, 2), colloidal self-assembly (3), tissue
organization (4, 5), to the mechanics of sand dunes (6, 7). In suspensions composed of
solid particles dispersed in a carrier fluid, particle shape can control how they interact,
assemble, or respond to external fields (8–10). Consequently, the mechanical properties
of suspensions are also sensitive to particle shape (11–13). Depending on the specific
form of the underlying asymmetry, the volume fraction (�) of the particles, and the
flow rate, the hydrodynamic and contact interactions between particles can be altered to
varying extents, thereby leading to a range of peculiar phenomena such as flow-induced
alignment or flow instabilities (14–16). The resulting non-Newtonian response can also
lead to significant challenges in suspension processing (17).

Two types of particle shape anisotropy have been discussed in the literature, namely
asphericity and angularity, as depicted in Fig. 1A (18–20). Asphericity, commonly
characterized by an aspect ratio deviating from unity, endows the particles with rotational
momentum in addition to translational momentum. In dilute suspensions of elongated
particles, analytical expressions for the viscosity and the particles’ trajectories reveal a
preferred alignment along the flow direction under convective motion (21, 22). As the
concentration increases to the semidilute regime, hydrodynamic interactions between
particles can play a significant role, and the rotary motions between individual particles
are no longer independent (23, 24). In dense suspensions with very high �, direct
interparticle contacts can impose further constraints on the tumbling motion of the
particles, leading to pronounced shear thickening. In agreement with this theoretical
picture, prior experimental work has shown that dense suspensions of aspherical particles
exhibit lower jamming volume fractions in both the low and high shear regimes (�J and
�SJ ) and are more prone to shear thickening (25, 26) (Fig. 1B). In addition to asphericity,
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Fig. 1. Schematic for regulating suspension rheology with particle shapes.
(A) Two types of shape anisotropy are illustrated. (B) Jamming state diagrams
of a typical anisotropic and isotropic particle suspension are contrasted. (C)
Illustration of the design of shape memory particle suspension in this work.

angularity provides another manifestation of shape anisotropy
(or conversely measured as roundness) that measures deviations
from a smooth spheroid (20, 27). Angularity (sometimes referred
to as mesoscopic roughness) can have a large impact on particle
contacts. Angular particles can present larger contact areas or
mesoscale surface asperities that enhance constraints to the sliding
and rolling motions of neighboring particles (28). Consequently,
such suspensions display lower jamming fractions and more
pronounced shear thickening compared to spherical particles at
the same � (29–31). Many particles found in nature, such as
sugar crystals, corn starch granules, and sand grains, exhibit both
asphericity and angularity (32). It has been shown through shear
reversal rheology that in dense suspensions of such anisotropic
particles, contact forces can play a dominant role on their
rheological properties under shear flow (33, 34).

While the above theoretical and experimental works under-
score the effects of particle shape on the rheological properties of
dense suspensions, few studies to date have thought to control
suspension rheology by employing shape-shifting particles. A
recent study of elastic shells that exhibit a buckling instability
indicates that suspensions of spherical or collapsed shells exhibit
markedly different rheological properties (35). The shape-
shifting event in such a system is driven by elastic instabilities and,
as such, it is spontaneous and not controllable in situ. By com-
parison, shape-memory particles offer an addressable platform to
achieve reversible and controlled shape transformations (36, 37).
Through choice of the underlying chemistry, properties such as
the material stiffness, the actuation mode, and the conditions for
triggering a shape change can be manipulated. One particular
class of shape-memory polymer is provided by liquid crystal
elastomers (LCEs), which consist of an elastic network of liquid
crystalline molecules (38). The liquid crystalline ordering of the
polymer chains can be disrupted or reformed by inducing the
nematic to isotropic transition, leading to a large change in the
dimensions of the material. Due to their simple synthesis and
widely tunable properties, LCEs have found a wide range of
applications in robotic and sensing devices (39–41). However,
while the synthesis of LCE-based and other shape memory

colloids has been demonstrated, most studies to date have focused
on the shape transformation of individual particles (42, 43).
More generally, the prospect of controlling collective properties
in crowded ensembles has been addressed in simulations (44), but
rarely been considered in experiments, with only a few exceptions
explored in different contexts (45, 46).

In this work, we explore the possibilities of shape memory
materials for control of the rheological behavior of suspensions
by first developing a scalable synthesis method that allows us to
obtain particles with tunable degrees of anisotropy. Importantly,
particle shape can be programmed through different processing
steps, thereby providing access to different shapes from the
same material. Particle stiffness and adhesive interactions can
be regulated by modulating temperature, leading to dramatic
changes of the shear thickening strength in systems with high
anisotropy. We also find that solid-like materials imbued with
hierarchical ordering can be obtained through aging and that a
reversal to a liquid-like state can be induced by activating the
shape memory response.

Our findings provide a step toward establishing that shape
memory particles endowed with controllable shape transfor-
mation offer a broad avenue for regulation of the rheological
properties of suspensions. From a materials science perspective,
this work also introduces a design strategy for suspensions that
relies on the interactions and collective behaviors of stimuli-
responsive building blocks.

Results

Synthesis of Anisotropic Particles and Characterization
of Shape Memory Properties. To access shape-memory
particles capable of large changes in anisotropy, microparticles
consisting of liquid crystal elastomer (LCEs) were synthesized
via thiol-Michael dispersion polymerization (42). Briefly, a
nematic-forming acrylate (RM257, 1) was reacted with a
tetra-functional thiol crosslinker pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, 2) and a difunctional thiol
2,2’-(ethylenedioxy)diethanethiol (EDDET, 3) to yield mic-
roparticles with relatively narrow size dispersity (Fig. 2A).
Following the reaction, the surface of the particles was modified
with hydroxyl groups to promote dispersion in the carrier fluid
and to prevent unwanted reactions between residual thiol and
acrylate moieties on the surface (See Materials and Methods for
details). Particles with four different crosslinking densities were
synthesized (x-y), where y denotes the ratio between number of
thiol functional groups from the tetrathiol crosslinker over all the
thiol groups (Fig. 2B). High conversions of the thiol and acrylate
groups were confirmed by infrared spectroscopy (SI Appendix,
Fig. S1). While the particles as synthesized are spherical and
exhibit a polydomain morphology when examined with polarized
optical microscopy (POM) (SI Appendix, Fig. S2), upon drying
under vacuum and redispersing in poly(ethylene) glycol
(Mn = 200 g/mol) (PEG200), they become highly anisotropic.
It is rationalized that the crowded packing and interparticle
adhesion forces lead to spontaneous deformations and local
alignment of the LC domains, thereby inducing the anisotropic
shapes observed in our experiments (Fig. 2 B and C ). Following
this deformation, residual thiol and acrylates in the interior can
undergo further reaction to stabilize this deformed state. We
find that the small amount of residual acrylates and thiols can
further react when particles are immersed in a swelling solvent
over a prolonged time (See Materials and Methods for details);
the anisotropic shapes are no longer stabilized in such cases and
the particles only preserve a limited degree of one-way shape
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Fig. 2. Synthesis, programmability, anisotropy, and shape memory of LCE microparticles. (A) Structures and the ratio of monomers for synthesis. Reactive
groups are highlighted in red. The mesogenic moiety is highlighted in purple. (B) Schematic of vacuum drying process and microstructural changes in LCEs. (C)
Bright field and polarized optical microscopy (POM) images of LCE microparticles, showing decreasing anisotropy and birefringence as the crosslinking density
increases. (D) Controlling the particle shape and thermal response by varying the drying process. (E) Scanning electron microscopy (SEM) images and bright field
images indicate that bulk vacuum-drying yields anisotropic LCE microparticles with a potato shape, whereas pea-like particles are obtained via freeze-drying
in water. (F ) DSC curves of normalized heat flow as a function of temperature for 30% crosslinked particles suspended in PEG200 show Tg around −7 °C and
TNI around 45 °C. (G) Shape memory response of the x-30 particles suspended in PEG200. Temperature increase above TNI disrupts the nematic ordering and
triggers a change to a spherical shape with reversibility upon cooling below TNI.

memory (SI Appendix, Fig. S2). Importantly, the amount of shape
anisotropy can be tailored by varying the crosslinking density of
the particles (Fig. 2C ). From the bright field and POM images

of the LCE particles, it can be appreciated that increasing the
crosslinking density leads to decreased anisotropy and nematic
ordering, but creates more monodisperse particles (Fig. 2C
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and SI Appendix, Fig. S3). To access high anisotropy while
maintaining relatively a narrow size distribution, an intermediate
crosslinking density x-30 is chosen for the remainder of
this study.

To examine whether the anisotropic shapes are in fact driven
by the interparticle contacts that are prevalent in the crowded
environment that arises from the drying process, one can test
whether suppressing such contacts can lead to more isotropic
shapes. Indeed, when the same x-30 particles are freeze-dried from
dilute (3 wt%) suspensions in water, we arrive at nearly spherical
particles with only a few flat facets. To distinguish the two shapes,
we refer to the more anisotropic particles as “potatoes” and to the
less anisotropic particles as “peas” (Fig. 2D; See SI Appendix, Fig.
S3 for aspect ratio distributions and SI Appendix, Figs. S4 and
S5 for additional POM and confocal images). Scanning electron
microscopy (SEM) images reveal that direct vacuum drying
yields close-packed particles with large deformations (Fig. 2E ;
See SI Appendix, Fig. S4 for comparison between POM images of
pea- and potato-shaped particles). In contrast, the freeze-drying
process leads to a sparser structure characterized by fewer contacts
and less severe deformations. To create suspensions, upon
dispersing the particles in ethanol (for SEM images) or PEG200
(for OM and rheology), the potato or pea shapes are maintained
(Fig. 2E). Note that the surfaces of the individual particles appear
smooth on the SEM images, suggesting that the particle textures
that appear on the OM images more likely originate from the
light scattering from the different LC domains. PEG200 is
selected as the carrier fluid for the rheological studies for the
following reasons: 1) It does not lead to pronounced swelling
of the particles, so the anisotropic shapes can be maintained.
(See SI Appendix, Fig. S4 for the measurement of swelling). 2)
It has a high boiling point and prevents evaporation at elevated
temperatures during rheological measurements. 3) PEG200
interacts favorably with hydroxyl-functionalized particles,
and the particles remain well-dispersed at intermediate time
scales (47).

To probe the underlying thermal transitions, differential
scanning calorimetry (DSC) was performed for both the dry
particles and the dense suspension (� = 55%). The glass
transition temperature (Tg) and the nematic to isotropic tran-
sition temperature (TNI) in the suspensions are −7 °C and
45 °C, respectively. Compared to the dry particles, Tg is
reduced by ∼15 °C, revealing the plasticization effect by the
carrier fluid (48, 49). Our measurements confirm that the
Tg and TNI of the peas and potatoes are identical, implying
similar thermomechanical properties (SI Appendix, Fig. S4). The
simple strategy of programming the particles’ shape via the
drying conditions allows us to independently assess the effect
of shape anisotropy without incurring unwanted changes in the
mechanical properties of the particles.

After heating and cooling the suspension (diluted to ∼1
vol%) under POM, the deformed particles fully transition to
spherical shapes around 55 °C and the birefringence colors
disappear (Fig. 2). The onset of the transition is around 40 °C,
consistent with the DSC measurements. For the highly irregular
shapes of the potato particles, repeated heating and cooling
reveals that full recovery in shape is attained once the sample
is cooled to room temperature (Movies S1–S4). In other words,
the nematic-isotropic transition provides a robust mechanism to
consistently access different shapes by tuning the temperature of
the suspension.

Note that, in addition to altering particle shape, changes
of temperature can simultaneously modify the stiffness of the

particles, which can influence considerably the rheology of the
suspension (48, 49). The thermomechanical properties were
evaluated by performing oscillatory rheology on a monolithic
film analog with identical chemical composition as x-30. Fig. 3A
shows the storage and loss moduli (G′ and G′′) for a film that
was equilibrated in PEG200 for two weeks (See SI Appendix, Fig.
S5 for the data of the dry film) For T < Tg, the storage shear
modulus (G′) of the glassy particles is around 5× 108 Pa. Above
the Tg, the particles are rubbery, with average G′ around 1×106

Pa in the nematic state (Tg < T < TNI), and 2× 105 Pa in the
isotropic state T > TNI. Notably, tensile testing shows that the
LCE material exhibits semisoft elasticity and the stress to induce
alignment is around 47 kPa in x-30 (SI Appendix, Fig. S5). While
this stress is at least 10 to 30× larger than the typical shear stress
generated by fluid flow in the suspension, it can be accessed from
the interparticle adhesion forces during the drying process (See
SI Appendix for details).

Shear Rheology of Dense Suspensions. Steady shear viscosity
measurements were performed on LCE microparticle suspensions
(�= 55%) as a function of shear stress for different temperatures
ranging from −10 °C to 50 °C, spanning values below Tg and
temperatures above TNI. To account for the variation of the
carrier fluid viscosity(�0) with temperature, the relative viscosity
�r is computed as �r = �(T )/�0(T ) as shown in Fig. 3B
(See SI Appendix, Fig. S9 for measurements of �0(T ) and
additional rheology data). The strength of the shear thickening
response decreases dramatically with increasing temperature.
Discontinuous shear thickening (DST) is observed for 5 °C and
−10 °C when the particles are below or around their Tg. As T
increases above the Tg of the particles, flow curves at 20 °C and
35 °C display a continuous shear thickening (CST) response (See
SI Appendix, Fig. S10 for G′ and G′′ determined from oscillatory
measurement). In contrast, a Newtonian-like response is observed
at 50 °C. The parameter �, obtained by fitting a power law to
viscosity-stress plots (� ∝ �� ), is used to quantify the maximal
strength of shear thickening (Fig. 3C ; See Materials and Methods
for details). Fig. 3B summarizes the � dependence as a function
of T . Remarkably, over a relatively small temperature range,
LCE microparticle suspensions with a fixed volume fraction (�
= 55%) exhibit pronounced � changes from � > 1 to � ≈ 0.2,
i.e. from DST to nearly Newtonian response. In comparison,
typical dense suspensions of stiff nonresponsive particles (e.g.
silica particle suspensions) show minimal temperature variations
in � for a fixed volume fraction (50, 51). For instance, to
access a similar � range, the corresponding volume fraction
would have to be varied from 30% to 57 to 58% in silica
particle suspensions (Fig. 3E) (50). In prior work, we showed
that accessing the polymer glass transition provides a strategy
to tune the non-Newtonian response in situ of a suspension of
spherical particles from mild to strong shear thickening. In the
absence of shape change, an increase from � = 0.6 to � = 0.9
(48) was observed as temperature was varied around Tg, which
was attributed to significant changes in stiffness and interparticle
adhesion (48). In contrast to that earlier system, which relied only
on the Tg transition, the thermal response of LCE microparticle
suspensions is much more pronounced (from � > 1 to � ≈ 0.2),
a feature that we attribute to the combined effects of shape and
stiffness changes.

The shear thickening behavior of “pea” suspensions is less pro-
nounced than that of the potato suspensions for all temperatures
below TNI (Fig. 3D and SI Appendix, Fig. S11). The difference
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Hard potato

Soft potato

Soft sphere

Fig. 3. Mechanical properties of LCE x-30 film and steady-state rheometry data of freshly prepared suspension at 55 vol%. (A) Shear rheology dynamic
temperature sweeps on solid LCE film after soaking in PEG200 for 2 wk. (temperature ramp rate = 3 °C/min, frequency = 1 Hz, and parallel plate geometry)
showing storage moduli (blue line), loss moduli (green line) and tan delta (red line) of the LCE (See SI Appendix, Fig. S8 for the data of dry film). (B and C) Steady
shear viscosity of LCE microparticle suspensions (� = 55%) normalized with solvent viscosity shows temperature-dependent strength of shear thickening. (C)
The data in (B) are replotted as a function of shear stress. A reference slope of 1 that corresponds to the onset of DST is shown with a black triangle in (C). (D)
The strength of shear thickening (�) as a function of temperature for � = 55% LCE suspensions decreases with temperature spanning from DST to CST values.
Potato-like particles exhibit a remarkably higher � at low temperatures compared to pea-like shapes. (E) A comparison of typical � as a function of volume
fraction from literature with values shown in (C) reflects the high tunable strength of shear thickening LCE suspensions, which in regular systems can only be
achieved by increasing particle volume fraction. Data for silica particle suspension are extracted from ref. 50.

in � value is highest when the particles are below or around Tg
(dark and light blue curves at T = −10 °C and 5 °C). This result
is consistent with the view that more anisotropic shapes typically
exacerbate shear thickening in suspensions of stiff particles. At
50 °C (above TNI), both the peas and the potatoes transition
to soft spheres and the � parameters are statistically identical.
In between Tg and TNI, the particles are simultaneously soft
and anisotropic. While � for “potato” suspensions is larger than
for the “pea” suspensions for all temperatures below TNI, the
difference for “soft potato” suspension is significantly reduced
from that observed in the “hard potato” regime. This result,
together with the previous observation that soft potatoes only
show mild shear thickening highlights the synergistic effects of
stiffness and shape anisotropy in generating effective constraints
on particle motions.

Physical Aging and Rejuvenation. The steady-state shear rates
in these shear thickening suspensions at a given shear stress (�)
can be reached within 25 s, with nearly no hysteresis observed
in the ramp-up and ramp-down curves (SI Appendix, Fig. S11).

While the suspension remains stable over the first 3 d with no
perceivable changes in the rheological curves (see SI Appendix,
Fig. S12 for oscillatory data as a function of days), substantial
aging is observed after 12 d and the suspension evolves to display
a solid-like texture. (Fig. 4A). Oscillatory shear rheology was
performed in these aged samples (Fig. 4B), and the flow curves
under steady shear are displayed in Fig. 4C. The oscillatory shear
measurement at 20 °C reveals a solid-like behavior, with G′ larger
than G′′ up to a yield stress around 100 ± 30 Pa. Steady shear
measurements show that at the low temperatures corresponding
to the “hard potato” state, the material behaves as a solid and
does not show significant yielding, indicating that the dynamics
of the particles are essentially locked in a glassy state of high
rigidity (52). As temperature increases to 20 °C and 35 °C, a
visible yield stress is observed, implying that the stress-bearing
structures can be partially destroyed by shear. However, the ramp
down curve still presents a yield stress of about 80 Pa, rather than
regaining the shear thickening behavior as in the fresh suspensions
(SI Appendix, Fig. S11). In other words, a maximal shear stress
of about 800 Pa is insufficient to break down all the clusters
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Fig. 4. Physical aging and rejuvenation of LCE microparticle suspensions. (A) LCE microparticle suspension images reveal a solid-like behavior after some time
under quiescent conditions. (B) Oscillatory shear rheology for the aged sample. The gray arrow corresponds to data acquired on increasing or decreasing shear
stress (�). The red double arrow indicates hysteresis in G′. (C) Steady shear viscosity as a function of shear stress for aged samples shows signatures of yielding
except for the flow curve at 50 °C. (D) The aged LCE suspension flows when the sample is heated above TNI and cooled back. (E) Oscillatory shear rheology for
the rejuvenated sample. (F ) Flow curves of LCE microparticles after heating to 55 °C and cooled back show good agreement with flow curves for fresh samples
shown in Fig. 3C.

formed. By contrast, flow curves taken above the TNI (50 °C)
display no yielding and show a Newtonian-like response, similar
to that observed in the fresh state. These findings provide ample
motivation to explore whether the rheology of the suspensions
can be restored by triggering the shape memory response through
heat.

Upon heating to 55 °C and cooling, the suspension regains
its fluid-like property, showing G′ < G′′ at all resolvable
oscillatory stresses (Fig. 4D). Contrasted to the ramp down curve
of the aged sample (Fig. 4B), the G′ in thermally rejuvenated
sample is about two orders of magnitude lower, implying that
temperature triggers a more significant change in the suspension
microstructure than pure oscillatory shear. The flow curves
overlaid with the fresh sample (in shaded region) are shown
in Fig. 4F. While some small differences are seen between
the fresh state and the rejuvenated state, the “rejuvenated”
suspension displays shear thickening behavior as opposed to the
thinning behavior observed in the aged samples, implying that
the microstructure of the fresh suspension is restored.

Reconfiguration of Microstructure. The emergence of a large
yield stress implies that the particles undergo agglomeration
to form a percolated particle network that provides elasticity
(52, 53). To understand the microscopic mechanisms, optical
microscopy was performed on the aged samples. The suspension
was diluted to 5% to facilitate visualization. Despite the sample
experiencing unavoidable flow during the preparation of the
microscopy sample, large agglomerates of particles still persist
(Fig. 5A). Upon heating, the particles transition to spherical

shapes. Strikingly, this shape-memory response of individual
particles is accompanied by the dissolution of the large clusters,
implying that a cooperative mechanism is involved in the
rejuvenation of suspensions (Movie S5). This observation is
consistent with a recent study on the collective behaviors of
assemblies of shape-changing strips (46). It was reported that the
strips reversibly form clusters and break up upon transitioning
from straight and curled shapes, demonstrating that the collective
structure formed from multiple interacting shape-shifting objects
can display cooperative reordering through the shape change of
the individual components. In our studies, the particles interact
via adhesive interactions at contacts. After TNI was reached,
the suspension was cooled to room temperature, where the
shapes of the individual particles were recovered. However,
the agglomerated structure was not recovered, and the particles
remained well-dispersed after cooling (Movie S6).

The mechanism of aging and the reconfiguration triggered by
shape change is illustrated in Fig. 5B. Initially, the anisotropic
particles are well dispersed (state 1). However, because LCEs can
develop strong adhesive interactions upon contact, agglomerates
are developed over time. To probe the strength of adhesion
experimentally, we performed adhesion measurements on a x-30
film in the dry state (SI Appendix, Fig. S13). The measurement
was conducted with a spherical stainless steel probe (diameter
R = 2.5 mm). Our results show that the adhesion force is
negligible at −10 °C and 5 °C, and increases dramatically as
the material becomes deformable above Tg (SI Appendix, Fig.
S13). In the nematic state, the surface energy, estimated by

 = Fad/4�R, displays a peak. Notably, the stress generated
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Fig. 5. Mechanism of microstructure reconfiguration. (A) OM images cap-
tured on heating and cooling of aged suspensions shows the reconfiguration
of the microstructure near TNI. (Scale bar: 40 μm.) (B) Schematics of the
potential energy landscapes and the corresponding microstructures.

from this adhesion force is around P = 
/�R ≈ 50 ∼ 200 kPa,
comparable to the soft elastic plateau 47 kPa determined from
the tensile tests (SI Appendix, Fig. S8). Therefore, it is possible
that the LC domains can realign at the interface of the particle
contacts, leading to stronger adhesion. The effect of enhanced
adhesion with longer contacting times has been observed in the
LCE literature (54), and in our systems it can facilitate physical
aging through formation of more resilient agglomerates. Hence,
the aged microstructure is trapped in a deep energy well (state
2), consistent with the observations that in our system the aging
is irreversible by moderate mechanical shear.

As temperature is increased above TNI, 
 decreases (54, 55)
(SI Appendix, Fig. S13). Furthermore, the effective contact area
also decreases as the faceted shapes become spherical above TNI
(Fig. 5B state 2→ state 3). While the quantitative change in
effective contact area is difficult to estimate (due to the complexity
of the shapes and orientation distributions), literature studies
on ellipsoidal and angular particles suggest that anisotropy can
increase contact areas (56, 57). This combined change in shape
and surface energy therefore causes the suspension to present a
shallower energy well (state 3) in the clustered organization above
TNI than in the nematic state (state 2). Second, the particles can
exert forces on each other during actuation. The stress is estimated
to be on the order of the particle stiffness ∼106Pa (58, 59).
This stress is much larger than the stress accessible through shear
rheology (∼103Pa), and offers an additional driving force beyond
thermal fluctuations to overcome the adhesive forces, thereby
disrupting the microstructure. Consequently, the agglomerates
break down at T = 65 °C as depicted in state 4 and the well-
dispersed fresh state (state 1) can be recovered upon cooling.

It is important to note that this phenomenon is different from
reversible gelation, which has been reported in octadecyl-coated
silica rods (60). The system introduced in this work presents
two meta-stable trapped states at ambient conditions (61), which
exhibit distinct rheological properties, and with the capacity to
interconvert via slow aging or thermal rejuvenation.

Discussion

The results reported here demonstrate that shape memory
particles from liquid crystal elastomers give rise to a wide range
of rheological behaviors within a single materials system. Two
important properties are worth highlighting again. First, the
shear thickening strength displays unprecedentedly strong in situ
tunability, allowing access to discontinuous shear thickening or
Newtonian-like rheology at the same volume fraction over a
change of temperature of around 60 °C. This feature provides
on-demand suppression of flow thickening and may present a
route for overcoming challenges in the 3D printing of polymer-
particle composites, for example, where thickening and jamming
can be detrimental (62, 63). From a fundamental perspective, it is
important to note that the effects of particle anisotropy are much
more pronounced in stiff particles than in soft ones, implying that
the effective constraints depend simultaneously on the geometry
and the mechanical properties of the material.

We find that suspensions of particles with short-ranged sticky
interactions undergo slow aging into a granular glass, which can
be reversed by triggering the shape memory response. Aided by
the actuation force and the decreased adhesion above TNI, the
agglomerates formed over time can be disrupted, leading to in-
stant rejuvenation of the rheological properties of the suspension.
Taken together, our results show that in crowded environments,
the dynamic changes of individual objects can lead to collective
reconfiguration, allowing an otherwise kinetically arrested system
to access different microstates. We hope these findings will
motivate design of new classes of synthetic material systems based
on the collective actions of interacting stimuli-responsive objects.

Materials and Methods

Materials. Reactive mesogen 257 (1,4-bis-[4-(3-Acryloyloxypropyloxy)benz-
oyloxy]-2-methylbenzene) (RM257) was purchased from Evonik (formerly
Wilshire Technologies). Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP,
95%), 2,2’-(Ethylenedioxy)diethanethiol (EDDET) (95%), triethylamine (99%),
dipropylamine (99%), polyvinylpyrrolidone (average molecular weight
40 kg/mol) were purchased from Sigma Aldrich and used as received.

Methods.
Synthesis of LCE particles.

Reaction. For crosslinking density studies, the particles were synthesized
at 20 mL scale. For example, x-30 particles were synthesized via dispersion
polymerization following literature procedures. Monomers 0.400 g (0.68 mmol)
of RM257 and 0.050 g (0.10 mmol) of PETMP and 0.087 g (0.48 mmol) of EDDET
and 0.005 g of radical scavenger BHT were dissolved in 12 mL methoxyethanol
by sonication and heating in a water bath at 50 °C. 0.2 g of PVP was dissolved
in 8 mL ethanol and transferred to the reaction flask. The mixture of monomers
and surfactant was stirred at 450 rpm using a magnetic stir. The reaction was
started by adding in the base catalyst triethylamine (0.038 g, 7.2 wt% relative
to monomers) which was diluted by 5× beforehand in ethanol by volume.
The reaction was carried out for 20 h at ambient conditions. To obtain particles
for suspension rheology, the reaction was scaled up to 300 mL scale with a
mechanical stirrer to produce around 6.5 g particles.

Functionalization. To prevent surface residual groups of thiols and acrylates
to react over time, monofunctional thiol and acrylates were added to end-cap
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Table 1. Mass of reagents (in grams) for reactions at
20 mL scale
Chemicals/species x-20 x-30 x-40 x-50

PETMP 0.033 0.050 0.066 0.083
EDDET 0.100 0.087 0.074 0.062
RM257 0.400 0.400 0.400 0.400

these groups. First, 0.029 g (0.272 mmol) of mercaptodiol were diluted with 1
mL of ethanol and added to the reaction mixture. Base catalyst dipropylamine
(0.038 g, 7.2 wt% relative to monomers) was added to promote the reaction.
After two hours, 0.063 g (0.544 mmol) of hydroxyethylacrylate were added to
react with residual thiols and left for another two hours.

Work up. The base was neutralized by 1M HCl aqueous solution prior to
centrifugation. The dispersion was centrifuged at 1,750 m/s2 for 6 min and
the supernatant was thrown away. To remove the surfactants and catalyst, the
particles were washed in methanol at a concentration of around 0.04 g/mL under
sonication and vortexing, followed by centrifugation. This step is repeated for 3×.

Synthesis of x-20, x-40, and x-50 particles follow similar procedures. The
amount of the monomers were adjusted to keep the stoichiometric ratio of thiol
to vinyl functional groups as 1:1. The amount of the chemicals are shown in the
Table 1.

To produce potato-shaped particles, the suspension in methanol is
centrifuged and the supernatant is discarded. The particles are dried under
1 torr of vacuum for 24 h. To produce pea-shaped particles, the solvent is
substituted to water and the density was controlled to be around 2.5 wt%. The
suspension is quickly frozen in liquid nitrogen and dried in a lyophilizer for 4 d.

To produce particles that are not capable of second-step crosslinking during
drying, the surface functionalization step is carried out in tetrahydrofuran
(THF) such that the particles are swollen during the reaction. The amounts
of mercaptodiol, hydroxyethyl acrylate, and dipropylamine are increased by 5×.
In addition, each functionalization step was carried out overnight to promote
conversion.
Suspension preparation. To make the suspension, the volume fraction is
converted to the weight fraction based on the density of LCE particles and
the PEG200 carrier fluid. The mixture of particle chunks and the carrier fluid is
stirred vigorously for 20 min and sonicated for 25 min. The sample is allowed to
equilibrate for 12 to 20 h to obtain the sample in the “fresh state.”
Synthesis of LCE analog films. Monomers are dissolved in toluene at
50 wt/vol%. Dipropylamine (2 wt% relative to monomers) were added to initiate
the reaction. The monomer solution is mixed and quickly injected to a 25 mm
× 60 mm × 1 mm mold and put in a toluene solvent chamber. After 12 h,
the film is sequentially washed by swelling and deswelling THF, methanol, THF,
methanol to remove the remainder catalyst. The film is dried in a vacuum oven
at 5 torr 60 °C overnight.
FT-IR spectra. Shimadzu IRTracer-100 FT-IR with ATR diamond was used to
characterize the LCE particles. Reduction of the thiol peak near 2,550 cm−1 and
the alkene peak near 800 cm−1 were used to monitor the reaction.
Polarized optical microscopy. Leica DM2700P polarized optical microscope
equipped with MC170 HD5 camera was used to obtain POM images of the
particles. Images were acquired with a 50×or 20×objective under transmission
mode. To control temperature during measurement, INSTEC MK2000 hot and
cold stage was used. Heating and cooling rates of 3 °C/min were used for typically
shape memory studies (64).
Confocal microscopy. 2D confocal image of LCE particles was captured using a
SoRa Subdiffraction Marianas Spinning Disk Confocal Microscope equipped with
a Zeiss inverted microscope with an automated stage and a piezo-controlled fine
Z stage. Nile Red was used to stain the LCE particles and make them fluorescent.
A 561 nm solid-state laser was used for excitation, with fluorescence emission
collected through a 600/50 nm bandpass filter. A 40× oil-immersion objective
(NA 1.3) was used for imaging. The Yokogawa-type spinning disk, equipped with
50 upmu m pinholes, allowed for optical sectioning with minimal phototoxicity.
Images were recorded with a scientific CMOS camera that has a pixel size of
0.2642 upmu m and a resolution of 1,192 × 1,200 pixels. The images were
then processed and analyzed in FIJI (ImageJ) (65).

Scanning electronmicroscopy. The particles were solvent casted with methanol
on silicon wafers and dried in air. Before the SEM analysis, the particles were
sputter coated with an 8 nm film of Pt/Pd metal to enhance electron conductivity.
The images were recorded on a Merlin SEM (Carl Zeiss) at a voltage 1.5 kV using
Inlens detectors and each image was averaged between 8 to 15 images. Particle
sizes were analyzed with ImageJ.
DSCmeasurements. DSC was performed with Discovery 2500 Differential Scan-
ning Calorimeter. 5 to 10 mg of sample were prepared in aluminum hermetic
pans from TA. Typical tests consist of a heat–cool–heat cycle (−40 °C to 120 °C)
at a rate of 5 °C/min. The data from the second heating cycle were presented.
Density determination. Density of the LCE particles was determined at 25 °C
by employing an Anton Paar Ultra5000 gas pycnometer using UHP He gas. The
density of carrier fluid PEG200 was determined by a densimeter (DMA 4500 M,
Anton Paar)
Shear rheometry measurements. Rheological characterization was performed
using a Discovery Hybrid Rheometer 30 (DHR) (TA Instruments). For mea-
surements above 5 °C, temperature was controlled by a peltier plate. For
measurements at −10 °C, forced convection oven (20 °C to 500 °C) attached
to an Air Chiller System (−120 °C to 20 °C) was employed. All the rheometry
data were acquired with 20 mm sand-blasted plates to prevent slip. Change
of the gap size due to temperature was calibrated beforehand. The suspension
was loaded to the rheometer and extra fluid was trimmed at a typical gap size
of 220 μm. The measurement gap size was typically maintained at 200 μm
throughout the measurement. Temperature was equilibrated for 10 min before
each measurement followed by a preshearing step at a stress around 2× of the
onset shear stress for 2 min. At each stress value, the fluid was equilibrated for a
minimum of 25 s and averaged over 15 s. For measuring the viscosity of PEG200,
the temperature ramp experiments were carried out at a shear rate of 50 s−1. The
temperature was ramped at 1 °C/min from−20 °C to 75 °C. Data from−15 °C
to 55 °C was fitted with a Vogel–Fulcher–Tammann–Hesse (VFTH) equation.

To compute� for each measurement, the rolling slope is extracted from linear
regression of log � vs. log(Shearstress) between 5 data points. The maximum
of this rolling average is designated as �. At least three trials are performed at
each temperature and the mean and error are reported.
Small amplitude oscillatory shear (SAOS) measurements of dense suspen-
sions. Rheological characterization was performed using an Discovery Hybrid
Rheometer 30 (DHR) (TA Instruments).
Modulus measurement of the solid films. Tests were conducted on a DHR
rheometer (TA Instruments) equipped with Forced Convection Oven (20 °C to
500 °C) attached to an Air Chiller System (−120 °C to 20 °C). The temperature
was ramped at 1.5 °C/min and the oscillatory frequency used was 1 Hz. For
measuring the plasticized films, the films were soaked in their respective carrier
fluid at 20 °C above Tg for 10 d and the measurement was done while immersed
in the carrier fluid.
Tensile tests. All tensile test data were collected using a Zwick-Roell zwickiLine
Z0.5. The samples were prepared by cutting rectangular strips (approx. 5 mm
× 0.5 mm × 15 mm) from x-30 films. The samples were uniaxially stretched
at varying rate of 0.05%/s to 2%/s to 300 kPa, held at 300 kPa for 180 s and
released.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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