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Abstract

Phase-change granular actuators combine the high volumetric expansion and actuation stress of bulk phase-change systems
with the tunable properties of granular materials. One form of these actuators utilizes microcapsule grains made from an
elastic matrix encapsulating multiple solvent cores, where phase changes from liquid to gas drive volumetric expansion.
Previous work demonstrated grain expansions up to 700%, though material selection was not optimized. This study
explores how shell and core material choices affect the synthesis and performance of phase-change granular actuators. We
identify specific combinations of solvents and silicone matrices that influence encapsulation efficiency, grain morphology,
and processing requirements. Results show that increasing shell stiffness and core solvent boiling point raises actuation
temperatures, while softer shells enable greater volumetric expansions. Overall, tuning the material composition allows for

control of actuation metrics.
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Introduction

Granular materials, composed of discrete particle assem-
blies, may provide a versatile platform for dynamic material
programmability due to the tunability of individual particle
properties." The mechanical response of granular materials
depends on numerous factors, such as the arrangement of
particles in the assembly,>* the mass, modulus, shape, and
frictional interactions of individual particles,* and the
boundary conditions or pressure of the assembly.” '’ Many
of these variables can be adjusted by manipulating indi-
vidual particles within the system. For instance, if individual
particles in an assembly can change size, shape, or position,
they may self-rearrange, enabling bulk property modula-
tion. Towards this potential for self-adaptive behavior,
several works have introduced active granular matter. For
example, liquid crystal elastomer microparticle actuators
and soft magnetic composites have been synthesized to
enable thermal-responsive shape-change and motion,'' '3
and we previously introduced granular actuators—particles
capable of independent volumetric expansion.'*

Our instantiation of granular actuators is a multi-core
microcapsule solution, wherein phase-changing material
cores are embedded in an elastic material shell. In prior

work, liquid-to-gas phase-changing cores embedded in soft
silicone shells enabled grain volumetric expansions with
actuation stresses comparable to other soft actuators
(62 kPa) at rapid time scales (~1000 mm/sec). The phase-
change granular actuators exhibited variable moduli based
on assembly pressure and imparted thixotropic properties on
carrier fluids to enable 3D printable actuators, which aligns
with prior reporting on printable biphasic materials.'>"’
Selecting materials for phase-change actuators, including
granular actuators, involves two key considerations: (1) the
matrix or shell material must be soft enough to allow for
substantial volumetric expansions, and (2) the solvent must
have a low-boiling-point to induce phase change without
degrading the encapsulating matrix. Prior work has pri-
marily focused on reducing the BP of the encapsulated
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solvent to make the temperature of actuation (T,) more
accessible.'® 2! However, one drawback of low-BP solvents
is their tendency to evaporate easily. Solvents such as
ethanol and acetone, with very low BPs, can evaporate at
ambient conditions. In turn, this makes it difficult to reach
the T4 prior to the encapsulated solvent evaporating. Ad-
ditionally, many studies, including our own, have used
Ecoflex 00-30 as the matrix material,'*!*2! without ex-
ploring how different matrix materials might influence
actuation performance. While other works have used latex-
based shell materials for phase-change actuation,”® the
rationalization was not based on optimizing or tuning ac-
tuation properties but rather on preventing solvent escape.
There is a clear gap in the understanding of how the choice
of constituent materials impacts the performance of granular
actuators, and phase-change actuators more broadly.

Research objectives

In this work, we expand on our previous research on soft
phase-changing granular actuators by synthesizing new
granular actuators with diverse constituent materials. We
begin by investigating how different solvent and elastic
matrix combinations influence key processing parameters of
granular actuators, such as grain size, morphology, and
encapsulation efficiency. Next, we examine the effects of
the solvent and hyperelastic matrix materials on critical
actuation parameters, including actuation stress, peak ac-
tuation temperature, and volumetric expansion. We find that
hyperelastic matrix stiffness and encapsulated solvent
boiling point have outsized impacts on actuation metrics.
Finally, we demonstrate how varying the constituent ma-
terials in granular actuators can enable the synthesis of
larger actuators with tunable actuation properties. This
study provides a general guideline for material selection in
phase-change granular actuators to achieve specific desired
outcomes.

Results

Experimental variables and synthesis process

The grains undergo volumetric expansion due to the liquid-
to-gas phase transition of the encapsulated solvent within
the hyperelastic shell (Figure 1(a)). We explore various
commercially available silicone shell materials, including
Ecoflex 00-10 (EF10), Ecoflex 00-30 (EF30), and Drag-
onSkinl10 (DS10), to assess how the hyperelastic shell in-
fluences the actuation properties of the grains (Figure 1(b)).
Additionally, we investigate several core solvents, some of
which have been successfully employed in previously
synthesized phase-change actuators, including ethanol
(EtOH),'**! deionized water (DIW), and perfluorodecalin
(PFD),'* to generalize how the actuation properties of the

grains are impacted by the encapsulated solvent properties
(Figure 1(c)). The synthesis method for the granular actu-
ators remains consistent with our prior work,'* using a
scalable double emulsion method to synthesize active grains
with multiple solvent cores (Figure 1(d)). To isolate vari-
ables for testing, all grains are synthesized with a uniform
volume fraction of encapsulated solvent, nominally 7 vol.%.

Effects of processing parameters

Each material used in this study has different material
properties, as shown in Figures 1(b) and 1(c). Due to
these differences, despite using uniform synthesis pa-
rameters (Figure 1(d)), the resultant grains vary in several
ways. Figure 2(a)—(c) shows the size distribution of
grains with different shell materials or solvent cores (all
distributions are shown in Figure S1). The double
emulsion process used to synthesize the grains can be
affected by a variety of properties, including but not
limited to the viscosity of the continuous phase, the
viscosity of the pre-cure actuator material, the temper-
ature of the system, and the solubility of the pre-cured
actuator material in the continuous phase.'*** When
these variables are changed, the force required to break up
the material into droplets differs and will yield particles
with different size distributions. Because we use different
hyperelastic matrices and solvent materials throughout
this study, which all have different properties, we see a
change in particle size despite using the same processing
parameters. Additionally, while we see normal particle
size distributions for some materials, we see some skewed
particle size distributions for others.

Figure 2(d) summarizes the size distributions of all of the
granular actuators tested in this study. The ethanol-
encapsulated EF10 and EF30 grains exhibit the smallest
average measured diameter, which may be due to favorable
material compatibility between the solvent and the hy-
perelastic resin. Emulsions are created by mixing in two
immiscible phases to produce a continuous phase with many
inclusions of the dispersed phase. In the double emulsion
process used for this study, an emulsion of solvent and resin
is first created. Thereafter, the initial emulsion is introduced
into the viscous shear-thinning sodium alginate continuous
phase to yield granular actuators. Material compatibility
between the resin and solvent may reduce the viscosity of
the mixture in the second emulsion, requiring less force for
droplet break-up, yielding smaller grains. Increasing the
mixing speed will also yield smaller grains.'****** We find
that in general, DS10 grains seem to be the largest. This can
be owed to the high viscosity of DS10, which is approxi-
mately 7X that of EF30 and almost 2X that of EF10 (see
Figure 1(b)). Due to the high viscosity of DS10, a larger
force is required to breakup the material into droplets, which
leads to larger resulting particles.
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Figure |. (a) Schematic and demonstration of granular actuators. Granular actuators are capsules that undergo volumetric expansion
when heated due to the liquid-to-gas phase change of encapsulated solvent in a soft hyperelastic matrix. (b) Table of material properties
of different elastomer shells used in this study. (c) Table of material properties of different encapsulated solvents used in this study. (d)
Schematic of double emulsion synthesis method used to create granular actuators.
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Figure 2. (a) Size distribution of ethanol (EtOH)-encapsulated Ecoflex 00-10 (EF10) grains. (b) Size distribution of deionized water
(DIW)-encapsulated Ecoflex 00-30 (EF30) grains. (c) Size distribution of perfluorodecalin (PFD)-encapsulated DragonSkin 10 (DS10)
grains. (d) Average diameter of all capsules synthesized and tested. (e) Optical aerial and cross-sectional microscopy images of different
grains. All scale bars represent 500 pm.
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Figure 2(e) shows physical characterizations of the
grains using optical microscopy. The grains exhibit
spherical morphologies with very few surface defects,
rendering the synthesis procedure successful in synthesizing
smooth spherical grains. Additionally, in the cross-sectional
optical microscopy images, we see that the grains exhibit an
inner structure with multiple cavities, which is presumably
where the solvent resides prior to expansion. Different
combinations yield different internal morphologies, which
may be due to solvent-matrix interactions. For example,
there appears to be a large number of pockets in the
EF30 DIW grains, meaning that EF30 and DIW may have
excellent solvent compatibility.

Encapsulation efficiency

In order to enable successful volumetric expansions of
phase-change soft actuators, it is crucial to encapsulate
solvent within the hyperelastic matrix. During the double
emulsion process, the uncured hyperelastic matrix is not
only mixed with the chosen solvent, but also interfaced with
an aqueous sodium alginate solution to enable droplet
break-up. Therefore, it is critical to ensure the encapsulated
material in the grain is indeed the chosen solvent and not
any other component of the synthesis method. Thermog-
ravimetric analysis (TGA), wherein the mass of a sample is
measured as it is subject to a thermal ramp, was conducted
for all grains. By performing TGA on the granular actuators,
we can approximate the BP of encapsulated contents in the
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grains by referring to the temperature range in which the
grain experiences mass loss.

Figure 3(a)-3(c) shows TGA curves for all EF10 grains,
all EF30 grains, and all DS10 grains, respectively. Grains
tested had the same vol.% of solvent encapsulated, nomi-
nally 7 vol.%. All results indicate mass decreasing as a
function of temperature, which is due to encapsulated
solvent evaporation with an increase in temperature. As
expected, samples encapsulated with higher BP solvents
exhibit mass loss at higher temperatures. Perfluorodecalin
(PFD) has a density of approximately twice that of ethanol
and deionized water, which is why the mass loss is ap-
proximately 2x that of the ethanol and deionized water
grains. Figure 3(d) shows TGA curves of all PFD grains.
Some differences in the slope of the curves as the samples
are reaching the BP of the encapsulated solvent (142°C) are
present. This may be due to the material properties of the
specific elastomers chosen for this study, where elastomers
like EF10 perhaps have less insulating properties or are
more porous and thus, cannot prevent solvent escape as
effectively when compared to the other studied elastomer
shells.

While all the grains in the following characterizations
were fabricated with uniform encapsulated solvent vol.%,
determining encapsulation efficiency of the different
solvent-matrix combinations allows us to further understand
solvent-matrix compatibilities and how the synthesis
method may affect these results. Figure 3(e)-3(h) shows
calibration curves for all sample combinations, with second-
order polynomial fittings indicated in the solid lines.
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Figure 3. (a) Thermogravimetric analysis (TGA) of all Ecoflex 00-10 (EF10) grains, (b) all Ecoflex 00-30 (EF30) grains, (c) all
DragonSkin10 (DS10) grains, and (d) all perfluorodecalin (PFD)-encapsulated grains. (e) Calibration curves with second-order
polynomial fittings for all EF10 grains, (f) all EF30 grains, (g) all DS10 grains, and (h) all PFD grains.
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Samples were first synthesized and their mass was measured
immediately after collection. Thereafter, the grains were left
out to dry to allow for solvent evaporation. Each point on
the plot corresponds to a group of capsules tested, with
multiple groups being tested for different loading condi-
tions. Figure 3(e) shows all EF10 grains, Figure 3(f) shows
all EF30 grains, and Figure 3(g) shows all DS10 grains. As
expected, there appears to be a slight plateau at higher
concentrations of all solvents. Particularly, we see an early
plateau for ethanol grains throughout all matrix materials,
which may be due to the premature evaporation of EtOH
prior to measurement. For DIW grains, we see more en-
capsulation of solvent compared to ethanol grains, but less
than PFD, which also can be owed to the higher compat-
ibility of PFD and PDMS,* and also the higher boiling
point of PFD, preventing premature solvent escape. We note
that the DS10 grains with ethanol and DIW have similar
calibration curves, which can provide insight into the
material properties of DS10, where the matrix material may
have more insulating properties and thus, during synthesis,
prevents premature escape of EtOH.

Figure 3(h) shows all PFD grains and their respective
calibration curves. It appears that DS10 has the highest
encapsulation efficiency, followed by EF30 and finally
EF10. This could be attributed to the higher molecular
weight of DS10,%° which may enable greater volumetric
encapsulation of the perfluorodecalin. Additionally, the
more insulative properties of DS10 may prevent solvent
escape over time.”’

Actuation properties

To determine the actuation properties of the different
granular actuators, actuation stress and volumetric expan-
sion measurements of the grains were conducted. Prior work
on granular actuators used a dynamic mechanical analyzer
(DMA) in a compression iso-strain configuration to de-
termine the actuation stress of the grains. However, due to
the limitations of the DMA, the grains could only be
thermally ramped at a rate of 20°C/min. This ramp rate is
slow, and since grains undergo solvent evaporation during
this process, particularly when using low-boiling-point
solvents such as EtOH and DIW, a significant reduction
in actuation stress was noted. The method used in this study
is shown in Figure 4(a), which is able to capture more
accurate actuation stress values. First, a modified upper
plate is attached to a universal testing system and is lowered
to establish a pre-load onto a grain resting on a hot plate.
Thereafter, the grain undergoes volumetric expansion and
the load cell measures the force exerted on the upper plate.
A drawback to this new approach is that all samples are
tested at the same temperature, preventing critical data
collection on temperature of actuation. Therefore, the use of

a DMA is still important in determining key temperature-
dependent properties of the actuation of granular actuators.

Figure 4(b) shows the actuation stress results using the
method shown in Figure 4(a), with the first bars representing
EF10 grains, the middle bars representing EF30 grains, and
the last bars corresponding to DS10 grains. We note that
generally, the DIW grains exhibit the highest actuation
stresses, which may be due to the temperature used for the
test (200°C). Since ethanol has a BP substantially lower
than the testing temperature, the grain may have undergone
solvent evaporation prior to the start of the test. Conversely,
since PFD has a BP of approximately 142°C, which is
approximately 40°C higher than that of DIW, PFD grains
may require more heat to reach critical expansion pressure.
Additionally, we note that in general, the DS10 grains
exhibit lower actuation stresses for the ethanol and DIW
grains. This may be due to the high stiffness of DS10 in
comparison to other elastomers used, requiring more in-
ternal pressure to induce volumetric expansion. The en-
capsulated solvent may also escape through the porous
silicone shell as pressure builds, reducing the amount of
actuation material and resulting in lower registered actua-
tion stress. Finally, the lowest actuation stress measured is
the ethanol DS10 grain; a combination of the stiffest grain
with the lowest BP encapsulated-solvent makes it difficult
to reach critical expansion pressure, as the elastomer re-
quires a significant amount of pressure due to its high
stiffness, but the solvent is evacuating the matrix prior to
reaching this critical pressure. While the standard deviations
among all groups are relatively high, we note clear trends
that enable optimizing choice of actuator based on force
requirements.

Stress-strain testing was performed to evaluate the sta-
bility of the grains under compressive loads, both before and
during actuation. Figure S2 shows the passive stress-strain
response of grains in their unactuated state. In all cases, the
DS10 grains exhibit the highest stiffness, while the
EF10 and EF30 grains exhibit similar stiffness under
compression. Figure S3 shows the stress-strain response of
grains in both unactuated and actuated states. Due to the
rapid timescales of actuation, stress data for the actuated
state were collected at strain intervals and plotted with
polynomial fittings. In all cases, the measured stresses at any
given strain are higher for grains in the actuated state
compared to the unactuated state. The observed stress trends
across all grains align with the findings from the actuation
stress testing shown in Figure 4(b), further validating the
results.

Despite the shortcomings of using a DMA for analysis of
the actuation characteristics of the grains, the method is able
to provide key insights into the actuation properties, such as
the temperature at maximum actuation. Figures 4(c) and
4(d) show representative actuation stress measurements of
all EF10 grains and all DIW grains, respectively. Figure 4(c)
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mechanical analyzer. (e) Temperature at maximum actuation stress of all grains. (f) Measured volumetric expansions of all grains. (g) Pre-
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(PFD). (h) Pre- and post-actuation cross-sectional SEM images of an Ecoflex 00-30 (EF30) grain with encapsulated ethanol (EtOH). (i)
Pre- and post-actuation cross-sectional SEM images of a DragonSkin 10 (DS10) grain with encapsulated DIW. All scale bars represent

500 pum.

highlights the significant reduction in the actuation of
ethanol grains in comparison to DIW and PFD grains. This
does not match with the data in Figure 4(b), as the tem-
perature of the test is not consistently held at 200°C but is
undergoing a temperature ramp of 20°C/min to 300°C.
Since ethanol has the lowest BP of the three solvents, it
presumably undergoes significantly more evaporation pre-
actuation when compared to the other two solvents, ex-
plaining the reduction in measured stress. Figure 4(d) shows
the actuation stress measurements of different grain com-
binations yield different temperatures at maximum actua-
tion, allowing one to toggle with the temperature of
actuation of the grain based on what constituent materials
are chosen.

Figure 4(e) summarizes the temperature at maximum
actuation stress (denoted T, ) across all grain combinations,
with the first bars corresponding to EF10 grains, the middle
to EF30 grains, and the last bars corresponding to

DS10 grains. In general, the trend shows an increase in
encapsulated solvent BP leads to an increase in T4, because
higher temperatures are required to vaporize solvents with a
higher BP. Furthermore, the data shows that the T4 increases
as the stiffness of the elastomer matrix is increased (with the
lowest being EF10 and the highest being DS10). This is
presumably due to an increased required internal pressure in
stiffer materials, which is more easily accessible when the
ambient temperature is higher and the encapsulated solvent
in turn has a higher vapor pressure. The higher T, of
DS10 grains may also explain the lower measured actuation
stresses, as a uniform testing temperature was used to assess
actuation stresses for all grains.

Volumetric expansion of the grains was determined by
placing grains on a hot plate set to 200°C and video re-
cording the free volumetric expansion of the grains.
Thereafter, the volumetric expansion was calculated using
image analysis, with results being displayed in Figure 4(f).
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While the error bars are large, the general trend shows
volumetric expansions of ethanol grains being the highest.
Furthermore, we see that all DS10 grains have the lowest
measured volumetric expansion when compared to other grains,
which may be owed to their high stiffness and operation at a
suboptimal temperature. Of course, this characterization tech-
nique is not perfect, as different grains exhibit maximum ac-
tuation stresses, and maximum volumetric expansions, at
different temperatures. However, the results provide some in-
sight into which material choices to choose to enhance volu-
metric expansion at a given temperature.

When grains undergo large volumetric expansions, on
the order of several thousand percentages, they inevitably
undergo plastic deformation. Although grains do exhibit
some shape-recovery post-actuation, returning to a form
similar to their initial state as they deflate, they do not fully
recover their original shape and size, as measured quanti-
tatively in prior work.'* In Figures 4(g)—(i), cross-sectional
scanning electron microscopy (SEM) images of grains pre-
and post-actuation are shown. In all examples, we see that
grains exhibit more complex microstructures with higher
pore counts post-actuation. The pores pre-actuation are
presumably where solvent inclusions reside within the

matrix. All grains post-actuation are imaged and shown in
Figure S4. The EF10 grains generally exhibit more plastic
deformation, likely due to their comparatively low stiffness.
Furthermore, the DIW grains show much larger pores than
other encapsulated solvents, possibly because the high
surface tension of water prevents the formation of smaller,
distributed cores, leading instead to larger solvent cores.

Comparison to other soft actuators

Granular phase-change actuators boast high volumetric
expansions and rapid response times. To emphasize these
advantages, we compare granular phase-change actuators
with other phase-change soft actuators. Figure 5(a) presents
an Ashby plot of actuation speed (strain rate) versus
maximum axial strain. Due to their relatively small size and
rapid volumetric expansion, granular actuators exhibit
markedly faster actuation speeds compared to other
prominent phase-change actuators. Moreover, the maxi-
mum axial strains of the granular actuators studied span the
full range of those observed in other phase-change actua-
tors, offering the potential for rapid actuation with tunable
axial strain.
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Figure 5. (a) Comparison of normalized actuation speed (strain rate) with respect to maximum axial strain, and (b) Comparison of

maximum volumetric strain with respect to actuation performance (blocked stress) of similar phase-change actuators.
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(c) Demonstration of two different grains undergoing actuation. The red grain is an Ecoflex 00-10 (EF0) grain with encapsulated ethanol
(EtOH) and can undergo larger volumetric expansions. The blue grain is a DragonSkin 10 (DS10) grain with encapsulated perfluorodecalin
(PFD), and does not undergo as large a volumetric expansion despite being held at the same temperatures. (d) Demonstration of
different granular composites actuating at different temperatures. The red EFI0 EtOH grains actuate when the material is subject to
150°C, but the green DS10 deionized water (DIW) grains do not. However, when the temperature is raised to 200°C, the DS10 DIW
grains begin to undergo volumetric expansion, showcasing the opportunity to utilize different grains for different actuation sequences.
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Figure 5(b) displays an Ashby plot of maximum actu-
ation stress versus maximum volumetric strain. Granular
actuators generally demonstrate comparable, if not superior,
actuation stresses relative to other phase-change actuators.
Additionally, their volumetric strains cover a wide range,
comparable to those of other phase-change systems. The
actuators achieve a range of volumetric strains (403%—
1861%) and actuation stresses (38.8—160 kPa), broadening
the range of achievable properties for phase-change actu-
ators. Further comparisons between granular actuators and
other soft actuators, including shape memory polymers,
electroactive polymers, and hydrogels, are provided in
Figures S5 and S6.

Demonstrations of different granular actuators

As shown in Figures 3 and 4, grains composed of different
material combinations exhibit distinct actuation properties.
In Figure 5(c), we compare an EF10 EtOH grain and a
DS10 PFD grain actuating under similar conditions
(comparable grain sizes, identical volumetric loading of
solvent and temperature). However, the DS10 grain un-
dergoes significantly less volumetric expansion when
compared to the EF10 grain, which agrees with reported
data. This difference can be attributed to the higher BP of
PFD and higher stiffness of DS10, making it more difficult
to reach its critical expansion pressure. Additionally, Movie
S1 shows the expansion of the DS10 grain consists of short
and rapid bursts, while the EF10 grain expands more
gradually and holds the expanded configuration for longer.

Figure 5(d) demonstrates a bulk composite of grains with
varying properties. First, a composite of EF10 EtOH grains
in an EF10 matrix was created and attached to a DS10 PFD
grain composite in a DS10 matrix. Both composites had
similar grain sizes, 50 vol.% loading, and the same volu-
metric solvent loading. Due to the temperature differences
observed in Figure 4 at maximum actuation stress, the two-
part composite was subjected to different thermal condi-
tions. Initially, it was heated to 150°C, causing only the
EF10 EtOH grains to actuate and rise. When the temperature
was increased to 200°C, the DS10 PFD grains began to
actuate.

Conclusion

The aim of this study was to explore how key factors in-
fluence the synthesis and performance of granular phase-
change soft actuators. Our results demonstrate that the
choice of constituent materials significantly affects not only
the size and internal morphology of the actuators, but also
their encapsulation efficiency and various actuation per-
formance metrics. We observed a positive correlation be-
tween the stiffness of the elastomer shell and the boiling
point of the core solvent with actuation temperature.

Additionally, softer elastomer shells were associated with
greater volumetric expansions.

Previous research on granular phase-change actua-
tors has not extensively examined the influence of
material selection and processing parameters. We
studied how encapsulation efficiency varies with dif-
ferent solvent loading volumes, offering insights into
synthesis limitations and maximum encapsulation ef-
ficiency of up to 20 wt.% for PFD and approximately
15 wt.% for EtOH and DIW. Although we did not di-
rectly measure actuation force as a function of encap-
sulation efficiency, understanding the encapsulation
efficiency of different solvents and shell materials will
prevent wasteful synthesis processes and allow for
optimal mixing ratios.

Granular actuators exhibit immense versatility, where
one can use them both individually and in bulk ag-
glomerates to achieve different length-scales of actuation.
For example, one can envision using individual grains as
micro-actuators, embedding grains in a carrier fluid to
deliver actuators to specific locations (for example, hard to
reach locations), creating a granular composite to enable
3D printable actuators, and granular actuator assemblies
to achieve soft actuators with reconfigurability and active
stiffness differentials, as demonstrated in a prior work.'*
Tailoring phase-change granular actuators to specific
applications will be essential for their integration into
robotic systems. For instance, minimizing actuation
temperature will be critical for applications involving
living materials, whereas higher actuation temperatures
might be more suitable for high-temperature environ-
ments where premature activation could be problematic.
Understanding how material properties influence key
performance metrics, such as actuation temperature,
stress, and strain, will aid in selecting the best actuator for
each application.

The large standard deviations in some of our measure-
ments, likely due to variability in the synthesis process,
suggest that greater synthesis control is needed. We hy-
pothesize that inconsistencies in solvent encapsulation
within individual grains could account for the variability in
actuation force and volumetric expansion. Future efforts
may focus on refining the synthesis process, possibly by
employing microfluidic techniques or more complex
emulsion techniques, such as in-situ polymerization, to
achieve more consistent results. Additionally, because
granular actuators experience solvent evaporation after
actuation, they cannot undergo repeated actuation. Further
work may include increasing cyclic stability of granular
actuators via introduction of thermally-conductive fillers,
such as those used in Xia et al., to prevent thermal deg-
radation over time.”' Through the deeper analysis of
granular actuator performance presented herein, we aim to
establish clear guidelines for materials selection and
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synthesis, ultimately enhancing their suitability for a range
of applications.

Experimental

Materials

Ecoflex 00-10, Ecoflex 00-30 and DragonSkin 10 were all
purchased from Smooth-On (Macungie, PA). Ethanol and
perfluorodecalin were purchased from Sigma Aldrich (St.
Louis, Missouri). Sodium alginate was purchased from
Modernist Pantry (Eliot, ME).

Synthesis of grains

First, a 3 wt.% sodium alginate mixture was created by
overhead mixing sodium alginate powder and water for
approximately 30 minutes at 500 rpm. Grains were syn-
thesized at room temperature using the double emulsion
method outlined in Figure 1(d). Approximately four grams
of uncured elastomer was mixed with the desired solvent
volume (see calibration curves in Figure 3). The two ma-
terials were mixed in a planetary mixer (ARE-310 Thinky)
at 1000rpm for 1 min. Thereafter, the mixture was poured
into 40 mL of the aqueous sodium alginate mixture and
mixed in the planetary mixer for 3 minutes at desired rpm
(220-500 rpm). Thereafter, the grains underwent curing
over the span of 2 hours at room temperature prior to being
washed and filter through a 45 pm ASTM standard sieve.
Grains were stored in their respective encapsulated solvents
prior to being used, so as to prevent solvent escape
over time.

Physical characterization

Optical images were taken using a Zeiss Smart Zoom 5.
Cross-sectional scanning electron microscopy (SEM) im-
ages were taken using a Hitachi SU-70 at 2 kV. Grain di-
ameters were determined using image analysis techniques
on Imagel.

Materials characterization

Thermogravimetric analysis was completed on a ther-
mogravimetric analyzer (TGA Q550, TA Instruments). The
samples were placed in a platinum pan prior to being
ramped at 3°C/min in a nitrogen environment. A grain size
of approximately 1 mm diameter was used, and the
emulsion mixing speed, which determines grain size, re-
mained constant during the corresponding TGA
experiments.

Calibration curves were obtained by creating samples
and measuring their mass before and after 7 days, in which
samples were left out so that the encapsulated solvent would

evaporate. A grain size of approximately 100-300 pm di-
ameter was used.

Actuation force measurements were conducted on
multiple systems. The first test was conducted on a
universal testing system (Instron 3345), using a modi-
fied compression fixture. Grains of approximately 1-
2 mm in diameter were placed on a hot plate set to
approximately 200°C and an upper plate fixture was
lowered until a preload of approximately 0.1 N was
registered. Thereafter, the grains underwent volumetric
expansion and the force on the upper plate was regis-
tered and divided by cross-sectional area to provide
actuation stress values.

Actuation force measurements to determine temperature
of actuation were performed using a dynamic mechanical
analyzer (DMA Q850, TA Instruments) with a parallel
compression plate fixture of 23 mm in diameter. Composite
specimens, where 50 vol.% of grains were embedded in the
same shell-material uncured hyperelastic resin, were used
because single grain measurements are difficult to suc-
cessfully complete with the slow thermal ramp rate of the
DMA. As single grains are heating, the encapsulated solvent
is undergoing evaporation, making it difficult to accurately
measure the actuation stress of single grains in this set-up.
This test was specifically completed to qualitatively char-
acterize the peak values of the actuation sequences (shape of
the curves), as well as characterize the temperature of ac-
tuation as the previously mentioned technique utilizes
constant temperature values for all specimens. Reported
actuation stress values are obtained by dividing the mea-
sured force by the cross-sectional area and thickness of the
composite sample. Thereafter, the value is doubled to
represent that the composite sample only consisted of
50 vol.% capsules.

Specimens were placed into a shallow aluminum dish
machined such that the upper compression plate of the
DMA fit neatly within its inner diameter. An initial preload
of 500 Pa was applied to the specimen prior to starting the
isostrain measurement. The temperature of the DMA
chamber was then increased to 300°C at a rate of 20°C/min
(the fastest thermal ramp rate for the DMA) in nominal air
atmosphere. Blocked expansion force was measured as the
specimens underwent volumetric expansion. The grain size
used for the composite specimens ranged from 1 to 2 mm in
diameter.

Stress-strain responses were conducted using a DMA,
with a 23 mm diameter compression plate fixture. For the
unactuated samples, grains were loaded and subject to a
preload of 500 Pa before compression at a rate of 100 mm/
min. For the actuated samples, grains were loaded in the
same manner and compressed to specific strains (12.5%,
25%, 37.5%, and 50%) at a rate of 100 mm/min. Thereafter,
the grains were subject to forced hot air until they actuated,
and an actuation stress was registered. The grain size used
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for the stress-strain testing ranged from 1.5 to 2.5 mm in
diameter.

Volumetric expansions of the grains were measured
using image analysis techniques. Grains were placed onto a
hot plate measured at 200°C and filmed until expansion. The
initial size of the grain was compared to the largest grain size
measured. Grain sizes ranging from 1 to 2 mm in diameter
were used.

Demonstrations

For the first demonstration, grains were synthesized with a
diameter of 1-2 mm and placed on a hot plate measured at
200°C. The grains underwent free volumetric expansions,
which were recorded and analyzed.

For the second demonstration, a grain size of approxi-
mately 100-300 um diameter was used. Grains were in-
corporated into an uncured hyperelastic matrix at 50 vol.%
loading and allowed to cure. The composites were attached
together to create an actuator with two different actuation
sequences based on temperature. The composite was then
placed on a hot plate and ramped to 150°C, and then 200°C,
to showcase the multiple temperatures of actuation granular
actuators can access.
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