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Abstract

Liquid—vapor phase change materials (PCMs), capable of significant volume change, are emerging as attractive
actuating components in forming advanced soft composites for robotic applications. However, the novel and
functional design of these PCM composites is significantly limited due to the lacking of the fundamental
understanding of the mechanical properties, which further inhibits the broad applications of PCM based ma-
terials in the engineering structures requiring large deformation and high loading capacity. In this study we
fabricate PCM-elastomer composites exhibiting large deformation and high output stress. Thermomechanical
properties of these composites are experimentally and theoretically investigated, demonstrating enhanced de-
formation and loading capacity due to the induced vapor pressure. By controlling the distribution and content of
the PCM inclusions, structures with tunable deformability under a relatively small strain in comparison with
traditional soft materials are fabricated. Accompanying with the asymmetrical friction and deformation,
complex locomotion and adaptable grabbing function are achieved with excellent performance.

Keywords: phase change materials (PCMs), PCMs-elastomer composites, soft actuators, multimodal locomo-
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Introduction

MART SOFT MATERIALS owning elegant properties of
simple operation, programmability, fast response, and
tunable stiffness have wide applications in soft actuators,
robots, artificial muscles, and so on.'™ Specific properties of
these smart materials and ingenious design strategies endow
the soft actuators with various functions and excellent per-
formance.®'? For example, tendons made of shape memory
alloys/polymers have become an important part in adapting
robots due to the good shape programmability.” Cylindrical
microrobots fabricated by photoactive liquid—crystal elasto-
mers have the biomimetic motion under the actuation of
structured monochromatic light.'°
Compared with other smart soft materials, thermos-
pneumatic actuation using liquid—vapor phase change in
phase change materials (PCMs) has the advantages of
simple fabrication, easy operation, lightweight, durability,
large deformation, and high loading force'>~*? and has been
utilized in various fields, such as valves in microfluidics, >
triggers for standing scales,'* and soft robots with loco-

motion and grabbing functions.'>*° The volume change of
capsuled liquid from liquid to vapor in chambers has been
studied through the saturated vapor pressure,'*'¢ revealing
the capacity of large deformation. Nonetheless, the simple
chamber design faces a huge risk of chamber damage, which
limits the further applications.'®

Phase change composites, embedding the PCMs into sili-
cone rubber, combining the elastic properties of the rubber
matrix, and extreme volume change accompanying liquid—
vapor transition, decrease the risk of structural failure by
reducing the chambers into uniformly distributed inclusions
and have been applied in soft actuators.'”'® Although the
liquid—vapor phase transition in chambers has been dis-
cussed, the thermomechanical properties of these PCM-
elastomer composites are rarely studied. Insufficient funda-
mental understanding of the thermomechanical properties of
PCM-elastomer composites leads to limited usage of these
soft composites merely as a complementary part to the design
of soft actuators and advanced engineering structures.'”"'®

In this work, the thermomechanical properties of PCM-
elastomer composites with liquid inclusions undergoing
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liquid—vapor phase transition are first investigated through
the micromechanical method and verified by experimental
studies. It is shown that the vapor pressure induced by the
liquid—vapor transition in the inclusions could lead to en-
hanced thermal expansion and output stress without signifi-
cant change of the material rigidity. By controlling the
distribution and amount of PCM inclusions, increased de-
formability with wide tunability is achieved in curved beam
structure. Actuating the folding of stiff sheets at the joints due
to the high output stress, the PCM-elastomer composites
serve as the actuators in designed deformable structures.
Comparing previous structure designs with the performance
reported here highlights the wide tunability in deformability
at a relatively small strain. Through the assembly of de-
formable units, functional structures are fabricated with ad-
justable performance, such as adaptable grippers. Moreover,
asymmetrical friction boundaries are introduced to achieve
the locomotion of these deformable structures, such as uni-
directional motion with carrying ability. Asymmetrical de-
formation of assembly structures is also realized to complete
more complex motion such as turning.

Results and Discussion

Thermomechanical properties
of PCM-elastomer composites

The PCM-elastomer composite is fabricated at room
temperature and consists of liquid ethanol inclusions em-
bedded in the silicon rubber matrix Ecoflex 00-35 (Smooth-
On, Inc.). Programmable distribution of inclusions in the
PCM-elastomer composite is easily achieved through 3D
printing.>* Upon heating the evaporation of the liquid ethanol
leads to increasing pressure inside the inclusions and forces
the inclusions to expand. Meanwhile, the rubber matrix ex-
pands due to the thermal expansion. As a consequence, we
could observe an expansion of the soft composite with in-
creasing temperature (Fig. 1A).
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To quantitatively predict the thermomechanical behaviors
of the soft composites due to liquid—vapor transition and
thermal expansion, we build a micromechanics model, as-
suming that the ethanol inclusions in the composites are
spherical and identical with uniform spatial distribution, and
the silicon rubber matrix behaves within the bounds of linear
elasticity. The process of liquid—vapor transition in the in-
clusions is described by the saturated vapor pressure ( p(T)).24
As ethanol in the inclusions has negligible moduli,” the soft
composite can be treated as a porous material with internal
pressure op =p(T)—p(Ty) applied on the voids. Based on the
classical micromechanical method,26 we obtain the effective
Young’s modulus E. of the soft composite (see details in
Supplementary Data)

E.
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where f is the volume fraction of ethanol inclusions at the
reference state (=T, in Fig. 1A). k=423 kPa, u1=21.6 kPa?’,
and E=9xu/(3k+p) denote the bulk, the shear, and the
Young’s modulus of the elastomer matrix, respectively. As an
intrinsic property measuring the resistance of the porous ma-
trix to being deformed elastically, the effective Young’s
modulus of the PCM-elastomer composite above boiling
temperature of ethanol is irrelative to dp, consistent with our
measurement in the desired experimental strain range
(Fig. 1C).*® The effective coefficient of thermal expansion
(CTE) o, of the PCM-elastomer composite is temperature
dependent owning to the presence of temperature-dependent
ethanol vapor pressure and can be derived based on micro-
mechanics analysis (see details in Supplementary Data)
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FIG. 1.

Thermomechanical properties of PCM-elastomer (ethanol-silicone here) composites. (A) Thermal expansion of

the soft composite upon temperature change from 298 K to 363 K. The volume fraction f of ethanol inclusions embedded in
the silicone matrix is around 0.2. The dashed line in the right panel is the outline of the composite at T=T,. Scale bars:
Smm. (B) Schematic diagram for the micromechanics model of the soft composite. (C) Strain—stress curves of soft
composites with different inclusion volume fractions (f=0.0, 0.1, and 0.2) and internal vapor pressures (op=0 and 40 kPa)
in uniaxial tension testing. Solid and open symbols are experimental data under uniaxial extension and compression,
respectively. Dashed lines are theoretical predictions by Equation (1). (D) The effective CTE of the soft composite at f=0.1,
0.2, and 0.3. Symbols are experimental data, and solid lines denote theoretical predictions from Equation (2). PCM, phase

change material. Color images are available online.
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Equation (2b) relates the effective bulk moduli . to the
effective CTE in the presence of dp and reduces to the clas-
sical Levin’s formula for materials with spherical voids at
dp=0.2" Here 2=0.00028 K" is CTE of the matrix at
room temperature,’' and AT=T — Ty, is the temperature var-
iance. The effective CTE «, and thermal expansion o AT,
plotted in Figure 1D and Supplementary Figure S1A, re-
spectively, agree well with our experimental results and
validate the estimation of liquid—vapor transition based on
saturated vapor pressure. During the expansion for the lim-
iting case of f=0.3 at T=363 K (Fig. 1D), the ethanol in-
clusions embedded in the silicon rubber matrix undergo
anisotropic finite deformation, which is no longer consistent
with the assumption of the spherical inclusion shape in the
micromechanical theory adopted here. Therefore, the devia-
tion between the theoretical prediction and experimental data
as expected is observed at f=0.3 and 7=363 K.

Supplementary Figure S1B shows that the liquid—gas
transition of ethanol inclusions significantly enhances the
thermal expansion of the soft composite in the presence of dp.
Controlling the variance of pressure to temperature (6p/AT)
based on Equation (2), CTE of the soft composite is pro-
grammable and can be tuned to be zero at a critical value
(Op/AT).=—12(1 = )k pua/[f(3x+4p1)] or even negative at
Op/AT < (0p/AT).. Besides, the induced output stress of the
soft composite is 31,0 AT=3kaAT+[ f(3x + 41)/(3fic + 41)]
(0p — 3xaAT), with [f(3x + 4p)/(3fic + 4p)]1(0p — 3kaAT) as
the contribution of vapor pressure. By adjusting op/AT, stress
induced by vapor pressure can be designed to meet the car-
rying needs for the soft composites. The theoretical analysis
well predicts the thermomechanical behaviors for the PCM-
elastomer composites, and the estimated properties serve as
fundamental implements in the finite element analysis on the
deformation and locomotion of more complex structures with
PCMs as shown in the following parts.
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Bending of straight bilayer structures
with PCM-elastomer composites

The ethanol-silicone composites with a relatively high
effective CTE o, can be utilized as thermally active structural
components to trigger desired motion. Here we fabricate
straight bilayer structures consisting of an active layer
[ethanol-silicone elastomer composite with CTE o, =0, in
Eq. (2)] and a pure silicone elastomer (Ecoflex 00-30 or
PDMS) with a relatively low CTE o, as the passive layer
(Fig. 2A). The Young’s modulus, thickness, and CTE of
the passive and active layers are denoted by E, hy, and oy
(k=1, 2), respectively. Subscripts 1 and 2 are used to identify
quantities pertaining to the passive and active layers, re-
spectively. In experiments, the bilayer structure has a width of
5 mm and length of 20 mm. Upon heating the active layer of a
larger CTE than the passive layer is subjected to compression
from the passive layer, and the whole structure bends toward
the active layer; upon cooling the bilayer structure recovers to
the straight configuration (Fig. 2A). The radius of curvature R
at the interface of the bending bilayer structure is given by>>

ﬁ _ 6mn(1 +m)3¢ 3)
R 3mn(l+m)?+ (1 +nm3)(1 +mn)’

where h (=h; + h,) is the thickness of the bilayer structure,
T

m=hylhy, n=E\/E,, and ¢= [(a —o)dT is the thermal-
To

induced mismatch strain between the active and passive layer

with T,=298 K and 7=363 K here.

As shown in Figure 2B and C, the theoretical analysis and
numerical simulations on the bending deformation agree well
with experimental results for a thick active layer (4, > 1 mm),
but significantly overestimate the bending deformation at
small &, (h, < 1 mm), given a total thickness i, + h, =5 mm.
The discrepancy at small 4, is owing to the nonuniform
distribution of the ethanol inclusions in the matrix and the
decreased volume fraction f due to the partial collapse of the
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FIG. 2. Bending of temperature-response bilayer structures with phase change materials. (A) Illustration of the bending
deformation of bilayer structure upon temperature change. Top layer (passive), silicon elastomer; bottom layer (active),
silicon elastomer containing ethanol inclusions. (B) Experimental (fop row) and numerical simulation (low row) results on
the bilayer structure bending. Stress nephograms are also provided in simulations. Scale bars: 5 mm. (C) The normalized
curvature h/R of the freestanding bilayer structure as a function of the thickness ratio h;/h, (h1+hy, =5 mm). Solid symbols
are experimental data, open symbols are simulation results, and solid lines denote theoretical prediction from Equation (3).

Color images are available online.
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inclusions. Thickness larger than inclusion size (0.5 mm) is
necessary for a designed performance of vapor pressure in
PCM-elastomer matrix composites. In comparison with PDMS
(E\/E>=25), the bilayer structure with Ecoflex 00-30 as the
passive layer (E/E,=1.5) at intermediate and relatively large
hy/h, can be actuated with larger deformation (or equivalently
larger A/R in Fig. 2C). Therefore, we use Ecoflex 00-30 as the
passive layer in fabricating the bilayer actuators below.

As demonstrated in Figure 2B, the bending deformation, as
well as relative displacement between two ends of the initially
straight structures, is relatively small. To achieve more pow-
erful soft functioning, we propose two new design strategies,
curved bilayer structures and self-folding structures, which
enable the soft structures to maintain and deliver large defor-
mation for functional use of soft actuators and robots. In the
following discussion, the width w for all fabricated soft struc-
tures is 10 mm, and the volume fraction of ethanol inclusions in
the ethanol-silicone elastomer composite layer is f=0.2.

The ethanol could run out upon repeated heating due to the
nanoporous structure of the silicon rubber matrix. Previous
work in literature demonstrates that the rejuvenation of ethanol
in the phase change composites could be achieved by im-
mersing the composites into the ethanol solution. After re-
storing the ethanol in the PCM-elastomer composites, the
retention of the original functionality of the composites could
be observed.'® PCM-elastomer composites in this work are
reusable unless unexpected heat damage occurs due to re-
peated heating, and all designed soft robotics here can be ac-
tuated repeatedly using this repeatable rejuvenation method.

Design and characterization of soft curved
bilayer structures

Similar to the straight bilayer structure discussed above,
the curved bilayer structure also consists of a passive layer
(pure silicone elastomer) and an active layer (ethanol-
silicone elastomer composite). As shown in Figure 3A and
Supplementary Figure S3A, the soft curved bilayer structure
has an initial radius R and an open angle 260, (26, < 7). Upon
heating the curved structure bends with the open angle
changing from 26, to 20y and the radius of curvature changing
from R, to R;. The initial distance between two ends of the
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curved structure changes from L in the initial configuration
to Ly — A after deformation, where A denotes the end distance
change (Fig. 3A).

The structure deformation can be estimated using the Euler—
Bernoulli beam theory or linear elasticity formulation (see de-
tails in Supplementary Data). In general, the Euler—Bernoulli
beam theory is more appropriate for a thin beam structure, while
the linear elasticity formulation is not limited to a thin beam. As
shown in Supplementary Figure S3B and C, the theoretical
prediction based on the Euler—Bernoulli beam theory exhibits
very small difference with that based on the linear elasticity
formulation when the initial radius of the curved structure is
significantly larger than its thickness (Ry/k>5). In other cases,
linear elasticity formulation is preferred for its good accuracy.
Since there is no penetration allowed between the two ends of
the curved beam, the open angle of deformed beam is required
to meet 6 > 0. According to Equation (S15b) in Supplementary
Data, the initial open angle falls in a range of

R()Ap

AP 4
TRAp =0T “)

with Ap given by Equation (S14b) in Supplementary Data.
The relative displacement A/L, based on geometrical re-
lationship can be determined as

A L [Rs + hy(1 + &5)] sin Of
LO - (R(] +h2) sin 90

(&)

with Ry and 0; given by Euler—Bernoulli beam theory through
Equation (S15) or by linear elasticity formulation through
Equation (S21) in Supplementary Data. The thickness of the
bilayer structure is A=h; + h,=5mm. The initial distance
between two ends of the straight bilayer structure is Ly. When
the passive layer contacts with the substrate, the relative
displacement A/L is expressed as

A -1 [Rf—h1(1+81)] sian
Loy Ly

with Ry=R given in Equation (3) and 0;=Ly/(2Ry). Here the
T
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FIG. 3. Deformation of curved bilayer structures. (A) Illustration of the bending of the curved bilayer structures. (B) The
relative displacement A/L, of two structure ends under fixed thickness (; + h, =5 mm) as a function of the thickness ratio
hi/h,. Solid points are experimental data, hollow points are simulation results. Thick and thin lines are theoretical predictions
based on the Euler-Bernoulli beam theory and linear elasticity, respectively. Color images are available online.
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FIG. 5. Characterization of crawling inchworm robots during heating—cooling cycles. (A) Illustration of the locomotion
due to the difference in friction between the two ends and the substrate surface. (B) Crawling of the inchworm robot in one
heating—cooling cycle with an end displacement A. The front end remains stationary and the hind end slides forward upon
heating, while the hind end stays with the front end sliding forward upon cooling. Heating and cooling are electrically
controlled by the embedded resistance wire. Scale bar: 5mm. (C) Temporal evolution of the position of the inchworm
robot’s front and hind ends (shown as the inset). The platform of the curve corresponds to the stationary state of two ends.
(D) Temporal evolution of the relative displacement A/Lg of the inchworm robot. The dashed line is the temporal variation
of the input power in the embedded resistance wire. Color images are available online.
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T
&= f o, dT. Figure 3B shows that the relative displacement
Ty

A/Ly significantly depends on the open angle 20, and the radius
of curvature Ry and varies in a full range from O to 1 by ad-
justing 6, and R,. The smaller 6, or the larger R is, the larger
A/Ly is. At A/Ly=1, two bilayer ends come into contact.
Figure 4 compares the relative deformation of soft structures in
literature and present work. It is shown that our design of the
curved bilayer structures with PCMs could achieve a large
relative displacement at a mismatch strain ¢ around 0.24
(Fig. 4A). Moreover, the curved bilayer design is suitable for
the thick structures with a relatively large h (Fig. 4B).

Design of inchworm robot and its locomotion
under controlled heating

The mechanical analysis above indicates that thick curved
bilayer structures with PCMs powered by temperature varia-
tion can generate relatively large motion without a significant
loss of rigidity. Based on this feature, we design and fabricate
inchworm robots, which are capable of multimodal locomo-
tion with object carrying. Figure SA illustrates the design of the
inchworm robot where a resistance wire is embedded in the
active layer to achieve electrical control of heating and cooling
(see Materials Fabrication and Testing section in Supplementary
Data and Supplementary Fig. S4). The curved bilayer structure
has an initial radius Ry=9.5 mm, total thickness #=5 mm with
active layer thickness 3 mm, and initial angle 20,=180°.

A —

FIG. 6. Inchworm robots
crawling and carrying ob-
jects. (A) Crawling of the
object-loaded inchworm ro-
bot (robot itself 2g, load
20g) in one heating—cooling
cycle with a displacement A.
Scale bar: S5mm. (B) Tem-
poral evolution of the position
of the inchworm actuator’s
front and hind ends under
different loads (4 and 20g).
(C) Temporal evolution of the
relative displacement A/Lg
(solid lines) at different loads
(4 and 20 g) in response to the
input power (dashed line).
Color images are available
online.
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As shown in Figure 5A, the hind (right) end of the bilayer is
attached with a flat sheet and on the front (left) end there is a
small tip on the attached sheet. Due to the large end displace-
ment and open angle change, the sheet edges, as well as the tip
surface and edge, can form contact with the substrate surface.
Upon heating the bilayer structure becomes more upward
convex. Owing to the two edges connecting with the substrate,
the front end has a larger coefficient of static friction than the
hind end with one contact edge.*>* Therefore, during heating
the hind end slides forward (leftward here), while the front end
stands and rotates around the tip edge. Upon cooling the bilayer
structure tends to return to the initial less upward convex
configuration and spreads two ends. As the sheet attached on
the hind end rotates more, the friction force on the hind end is
larger than that on the front end. As a consequence, the front
end slides forward while the hind end is fixed. During the
heating—cooling cycles, a unidirectional locomotion of the
inchworm robot is achieved as shown in Figure 5B and Sup-
plementary Movie M1. Temporal evolution of the position of
the front and hind ends and relative displacement A/L, are
plotted in Figure 5C and D. In one heating—cooling cycle, the
inchworm robot can achieve a relative displacement A=0.6L,
which fits the result in Figure 3B. The speed of the moving
inchworm robot is about 0.75 mm/s (0.03 body length/s), a
medium speed level among artificial soft robots.*

To demonstrate the carrying capacity of the inchworm
robot, we put metal blocks on the robot and monitored its
crawling (Fig. 6 and Supplementary Movie M2). The load
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affects the friction between the robot and substrate, leading to
a decrease of the displacement A and the crawling speed in
each heating—cooling cycle (Fig. 6B, C). The heavier the load
is, the slower the robot locomotion is. The robot carrying 4 g
load achieves A/Ly=0.45 in one heating—cooling cycle, while
A/Ly=0.3 at 20 g load (Fig. 6C). The speed of the crawling
inchworm robot at 4 g load is about 0.23 mm/s, while at 20 g
load the speed is about 0.15 mm/s. Owing to the thick layer
structure, the movement of the inchworm robot with heavy
load (10 times its own weight) is stable and repeatable
without tumbling. As the load is heavier than 25 g, the robot
falls over due to the high center of gravity.

Assembling two inchworm robots in paralle a two-part
inchworm robot is fabricated with the capacity of multimodal
locomotion such as crawling and taking turn by individual
control of each inchworm part (Fig. 7 and Supplementary
Movie M3). At the same input power, two parts of the inchworm
robot move at the same pace and the robot as a whole crawl in a
straight path. The inchworm robot can also take turn with a
difference in the input power between two parts. A 90° turn can
be easily achieved by the asymmetry deformation of the two
parts of the inchworm robot.

1,36,37

Design and fabrication of soft grippers with PCMs

The thick curved bilayer structure can also be used in the
design of soft grippers (Fig. 8). Different from traditional
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grippers,®® the soft gripper here is composed by n identical
units, each consisting of a curved bilayer structure with
PCMs and a connector connecting two neighboring gripper
fingers (Fig. 8A). The curved bilayer structure has an ini-
tial radius of 9.5 mm, thickness of 5mm (thickness ratio
hi/hy=2/3), and the connector has the length of 12 mm and
thickness of 2mm. 260y=180°-360°/n is the initial open
angle of the bilayer structure. The soft gripper is annular,
and there is an inscribed circular region with radius R;, in
the center. The grabbing is achieved by the shrinking of the
gripper upon heating with the angle change from 26, to 264
and the radius change from R;, to Ry.

Figure 8B shows the simulation results on the shrinking of
the grippers (n=3, 4, 5, and 6). In the simulations, the param-
eters of the passive layer are x; =423 kPa, u;=21.6 kPa,27 and
o, =0.00028 K'*! and those of the active layer are k=1,
o=t [Eq. (S4) in Supplementary Data], and o, =0, [Eq. (2)],
with temperature change from 7,=298 K to 7=363 K.
Figure 8C indicates the relative shrinking degree characterized
by R4/R;, describing the adaptability of the gripper to different
object sizes. As n increases, R4/R;, increases. At n=35, the
shrinking of the gripper ranges from 0.5R;, to R;, (Fig. 8C),
which is large enough for the grasping of a strawberry and a
small glass bottle (Fig. 8D and Supplementary Movie M4).

The object grasped by the soft gripper forms contact with
the connectors, which are composed of silicone rubber
without embedded resistance wires here. The temperature of
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FIG. 8. Design of soft grippers and grabbing demonstration. (A) Ilustration of the gripper design. The gripper is made up
of n identical units, each unit consisting of a curved bilayer structure and a connector. (B) The stress nephogram of the
deformed grippers and (C) corresponding relative shrinking degrees R4/R;, in numerical simulations when two ends of each
gripper unit form contact. Scale bars: 1 cm. (D) Grabbing the strawberry and bottle by the gripper with five units. Scale bars:
1 cm. Color images are available online.
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FIG. 9. Design and char-
acterization of self-folding
structures with PCM-based
joint actuators. (A) Design of
the self-folding structures.
Creases shown in red circle
are cuts with fixed cutting
depths. The PCM-elastomer
composite serves as the ac-
tuator beneath the creases.
(B) The top angle changes
26f as a function of the ini-
tial side angle &, which is
around 10° here. (C) The
relative displacement A/Lg as
a function of &. Solid symbols
are experimental data, open
symbols denote simulation
results, and solid lines are
theoretical prediction [Equa-
tion (7)]. Color images are
available online.
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the connector depends on its heat exchanging with the phase
change composite, which is not evident as the thermal con-
ductivity of silicone rubber is low (0.2 W/mK).39 Therefore,
there is no heat damage observed on the grasped object (e.g.,
the strawberry and bottle in Fig. 8D).

Self-folding structures with PCMs

Thermally active soft joint actuators are another inter-
esting implication of the PCM-based soft composites.*® As
shown in Figure 9, we fabricate self-folding structures
composed of two or three stiff sheets linked together with
one or two folds (or creases). Between two long legs there is
a soft joint actuator made of the PCM-based soft composite.
The self-folding structure has an initial top angle 28 and a
side angle ¢=(n — 2f)/2. The leg length is a =20 mm, and
the thickness of the soft composite is ¢ =10 mm. The trap-
ezoid type structure has a top sheet of width b=5 mm. Upon
heating the soft composite expands, resulting in a spreading
of the robot legs with a top angle increase of 26f; upon
cooling the soft composite tends to return to the initial
configuration with a decrease of the top angle. The crease
subject to folding can be modeled as a spiral spring of
stiffness k*'** and the increase of the top angle is 25 =20c/k
with ¢ as the blocked stress induced by the soft joint de-
formation (see details in Supplementary Data and Supple-
mentary Fig. S2). In our experiments, 20f is around 10°
(Fig. 9B). The corresponding relative displacement A/L is
given from the geometrical relation as

L—O 2acos (£ —0f)+b 1 7)

s o i
A % —1, triangle type,
trapezoid type.

2acosé+b ’

0 100 200 300 400 500 600

Time (s)

It is shown that A/L, strongly depends on the side angle ¢
(Fig. 9C). Structures with a large ¢ exhibit a large displace-
ment A/Ly.

By attaching tips beneath the front and hind legs of the self-
folding structure, the structure can achieve unidirectional
crawling at a speed around 0.10 mm/s as shown in Supple-
mentary Figure S6 and Supplementary Movie M5. The un-
derlying mechanism is similar to that governing the crawling
of inchworm robots in Figure 5. By repeating the heating—
cooling cycle, the self-folding structures with attached tips
achieve a push—pull locomotion. The self-folding structures
are readily assembled into complex structure. Figure 10
shows an assembly of the self-folding structures into a worm-
like soft robot by end-to-end linking. In one thermal cycle,
the assembled structure with a side angle ¢ =80° moves with
A=0.2L,, consistent with the result in Figure 9C. The cor-
responding speed is 0.05 mm/s.

Conclusions

PCM-elastomer composites as attractive actuating com-
ponents in forming advanced soft composites for robotic
applications are facing the problem of less understanding of
their thermomechanical properties, which in turn limits the
rational design for engineering structures. Here we study the
effective thermomechanical properties of the PCM-elastomer
composites using the micromechanical theory and reveal
how the vapor pressure in the PCM inclusions strengthens
the composite expansion and output stress. Bilayer struc-
tures with programmable deformability are designed by
controlling the inclusion distribution and contents. Complex
locomotion and adaptable grapping are achieved through
the assembly of deformable cells with asymmetrical friction
and deformation. The results expand the functionality and
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application of the PCM-elastomer composites capable of
adaptable deformation and multimode locomotion.
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1. Micromechanical model of phase change materials (PCMs)-elastomer
composites

To predict the deformation of the PCMs-elastomer composite (ethanol-silicone
composite here) upon temperature change, the liquid-vapor transition of the ethanol
inclusions is treated as an internal pressure change applied on the inclusion-matrix
interface and the classical micromechanical theory is employed to derive the
mechanical and thermal behaviors of the porous composite with internally pressurized
spherical voids as follows.

We first determine the internal pressure upon the ethanol-silicone interface. Based
on experimental data, the vapor pressure of ethanol at temperature T'is given as!

p(T) = p. x exp [2£(— 0.0514770"/2 — 8.270756 — 5.492456% + 5.64829611/2)|. (S1)

where 8 = 1 — T/T.. Here the critical pressure p. = 6.15 MPa and the critical
temperature 7. = 513.9 K together define ethanol’s liquid-vapor critical point, which
represents the end of the pressure-temperature curve in thermodynamics. Above pe,
the vapor cannot be liquefied at any pressure. At room temperature 7o, the vapor
pressure po inside ethanol inclusion is around 7.8 kPa, which is balanced by the
deformation of the elastomer matrix. Upon heating to temperature 7, the ethanol
pressure increases to p(7) = po + dp and the elastomer matrix is deformed further.
Treating the silicone matrix as a linear isotropic elastic material, its
strain-displacement equations, equilibrium equations, and constitutive equations are

€= %(Vu + uVv),
V-0=0, (S2)
o= (K —%u) tr(e)I + 2ue — 3xaAT],

where € and o represent the strain and stress tensors, respectively. u is the
displacement vector, and V is the nabla symbol. tr(€) denotes the trace of g, and I is
the identity tensor. x = 423 kPa and x = 21.6 kPa are the bulk and shear moduli of the
matrix, respectively.? & =0.00028 K! is the coefficient of thermal expansion (CTE) of
the silicone matrix.> AT = T — T is the change in temperature. Hereinafter the state at
room temperature is taken as the reference state.

To determine the effective moduli of the porous composite with internally
pressurized spherical voids, we employ the Mori-Tanaka method, one of the classical
micromechanical schemes,*® from which we have the relation between the average
stress @ and average strain € of the composite as

o= (Ke - %/.te) tr(E)] + 2. — 3K, AT, (S3)

where k. and p. are the effective bulk and shear moduli of the porous composite,
respectively, and given as* >

Ke:(l_f) du K,

3fx+4u
He = (1 - f)

9x+8u
Ix+8u+6f(k+2u) H

with f as the volume fraction of the ethanol inclusions. Then the effective Young’s

modulus of the composite E. = 9xeue/(3xctute) can be obtained as

(S4)



Ee _ 4(1—1)(9x+8u) (3x+p) (SS)

E ~ 4(9+81) Bx+u)+3/K(33k+56y)

where E = 9xu/(3x+u) is the Young’s modulus of the matrix. Since the internal
pressure variation Jp is strain-independent and can be regarded as thermal loading on
the matrix, the effective modulus of the composite is independent of dp as expected
and predicted in Equation S5, which is also consistent with our experimental results
(Figure 1C in the main text).

Upon free thermal expansion (£ = tr(g)/31), the average stress 6 = [ (- N) ®
xdS can be expressed as & = (1 — f)4xu/Bfx + 4)tr(g)I — fSpl with N as the
outward unit normal vector to the external boundary S of the representative volume
element (RVE) and x as the position vector.* > Combined with Equation S3, the effective
coefficient of thermal expansion (CTE) a. reads

f 3xt+4u @

Qe=7"———-—+a (S6)

T 1-f 12xu AT ’

which depends on the temperature change AT as confirmed by our experimental
results (Figure 1D) and satisfies the following formula
3axAT—6p — 3agkeAT—f0p—3(1—f)axAT
K Ke—(1=f)x
Equation S7, relating the effective bulk moduli to the effective CTE in the presence of
8p, can be regarded as a modified Levin’s formula ® 7 for a composite with internally
pressurized spherical voids. From Equation S3, the relative volume change &y, =
tr(€) = (V—V,)/V, of the PCMs-elastomer composite under free expansion is

(S7)

ik _ _ L3K+4[l
B = @oAT = -T2k 8p + adT, (S8)

which agrees well with our experimental results in Supplementary Figure S1, and
validates the estimation of the liquid-gas transition based on the saturated vapor
pressure (Equation S1).

A 08 7=o7] B1sf =01
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FIG. S1. Thermal expansion of the ethanol-silicon composite. (A) Volume change ¥,/3 and
(B) CTE ratio a./a as a function of temperature 7. Symbols are experimental data, and solid
lines in (A) and (B) denote theoretical prediction given in Equations S8 and S6, respectively.
Inset is the ethanol pressure p varying with temperature 7.

Another interesting case is the deformation of the ethanol-silicone composite upon



a displacement constraint. Here we consider the case of uniaxial elongation of a
composite confined in a rigid cylindrical tube and introduce a cylindrical coordinate
r¢z with its z-axis along the cylindrical axis of the tube (Supplementary Figure S2A,
inset). As shown in Supplementary Figure S5B, a cylindrical composite sample is
inserted into the rigid heating tube to confine its radial expansion. Two force gauges
are attached at two ends of the tube to measure the thermal stress of the composite
upon heating. Upon heating, the sample first expands freely in the axial direction and
then contacts with the force gauges at a sufficiently high temperature. At this moment,
a prescribed axial strain o = 1 — lo/L is achieved with /y the initial length of the
cylindrical sample and L the length of the cylindrical tube, and the constraint force is
measured.

In the case of free thermal expansion along the axial direction, the boundary
conditions are G,, = 0 at two tube ends and €, = 0 at the circumferential interface
between the composite and the confining tube. The free expansion in z direction with
circumferential constraint from Equation S3 is characterized by

—  _ 3Ke@o AT _ 3f(3k—4p) 9k
22 = v a3 [1 3G+5)c+ 85 3erap LA (59)

where ae is given in Equation S8 and the relation between €,, and AT at different f'is
shown in Supplementary Figure S2A. In the case of a three-dimensional displacement
constraint (€,, = &y at two tube ends and &, = 0 at the circumferential interface
between the composite and the confining tube), the stress @,, at two ends of the
cylindrical composite is

Ty =— 3KeeAT + (e +5 11 ) 20 (S10)

where x. and u. are given in Equation S4. Our experimental results confirm the
theoretical prediction given in Equation S10 as shown in Supplementary Figure S2B,
where the kinks in the solid curves represent the moments the composite achieves the
prescribed strain &.
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FIG. S2. Thermal expansion of radially confined ethanol-silicone composites. (A) Free
thermal expansion along the axial direction at volume fractions /' = 0.1, 0.2, and 0.3. (B)
Stress 0,, at two ends of the confined cylindrical composite with /= 0.2 for different
far-field strains ¢ = 0, 0.05, 0.1, and 0.2. Symbols are experimental data and solid lines are
theoretical prediction (Equations S9 and S10).

4



2. Temperature-responsive deformation of a curved bilayer structure

We simplify the curved bilayer structure as a planar beam consisting of the passive
layer (E1, hi, 1) and the active layer (E2, h2, a2). The curved bilayer structure of width
w has an initial radius Ro and open angle 26o, and the passive layer is inside the
curved bilayer structure (Supplementary Figure S3A). Since thermal expansion (&; =

f;; adT &, = fTTO a,dT) is uniformly distributed in each layer, the curved structure

maintains the arc shape after deformation with its radius changing from Ry to R and
open angle changing from 26, to 26;. In the following theoretical analysis, subscripts
'l' and '2' denote the passive layer and the active layer, respectively.

In the Euler-Bernoulli beam theory, the bilayer structure deforms under the
assumption that plane sections remain plane and normal to the axis of the beam.
Therefore, the strain ¢, at a distance y from the centroid axis of passive layer is®

& =&+ yAp, (S11)

where & is the unknown strain at the centroid axis of passive layer, Ap is the change
of the curvature of the curved structure upon heating. Under the linear elastic
constitutive relations, the stresses o1 and o2 in these two layers are given by

01 = E1(gy — €1),02 = E;(§y — €2), (S12)

with E; and E» the Young’s moduli of the passive layer and the active layer,

respectively. Since there are no tensions and moments at the beam ends, we have
hy + hy/2

hy/2 O'zdy=0

[odA = Wflill/_zh ordy+w
o) (S13)
[ yoda = hi/2 d hoth/2
yodA=w [, yordy+wf ", " yo,dy =0
Substituting Equation S11 into Equation S12, the unknown strain &. at the centroid
axis of passive layer is solved as

_ nm3ez+nm(nm3+3m?+4+6m)e; (8143)
T 1+rZmt+2nm(2+2mE+3m)

and the change of the curvature is

Ap = 6 nm2(1+m)(s2—¢1)
P = h1 1+n?m*+2nm(2+2m?%+3m)’

(S14b)

with m = hi/ha, n = E1/E>. Thus, the radius of curvature of the curved bilayer structure
after deformation is®

1+&¢
Re =174, Ros (S15a)
and the open angle after deformation is
20; = 2w — (1 4+ RyAp)(2m — 26). (S15b)

The results obtained from Equation S15 are plotted as thick lines in Supplementary
Figure S3B and C, agreeing well with our experimental data and finite element
simulations in COMSOL Multiphysics®.

It is known that the beam theory is a simplification of the linear elasticity and is
more appropriately applicable for thin and long structures. In our case, the bilayer



structure is somewhat thick and its total thickness has the same order of magnitude of
its curvature radius. Therefore, it is advisable to check the validity of the above beam
modeling using the linear elasticity theory without hypothesizing that the cross
sections remain plane and perpendicular to the deflection. In the following theoretical
analysis, the bending under the condition of plane strain is analyzed in a polar
coordinate (r, ) (Supplementary Figure S3A), and the Airy stress function related to
the stress components is introduced whose expression is chosen so that the
equilibrium equations are satisfied automatically. Upon heating, the circular bilayer
structure is subjected to pure bending maintaining its arc shape, and consequently the
Airy stress function Uy is only related to r-coordinate. Introducing the Airy stress
function satisfing V*Ui=0 (k =1, 2) as follows,

Uy = Ax + Blnr + Cr? + Dyrinr, (S16)

the stress components satisfying the equilibrium equations are given as’

ko= 1% =B 20, + Dy(2nr + 1),
d%u B
ok, = 53t ==K+ 20 + Dy (2Inr + 3), (S17a)
gk =0,
ré

and the corresponding strain components in the polar coordinate are

ko ouf _ 1 k koo ok
Err = a_rr - E_k [(1 + Vk)o-rr - Vk(arr + 0-93)] + &,

- Eik[ljzvk By +2(1 = vi)Cy + 2Dy(1 — vi)Inr + Dy (1 — 3V")] + &

koq 0uk
ehy ===l = [+ voky —vi(of + k)] + & (S17b)

= EL[_ By + 2(1 = )Gy + 2D (1 = v)Inr + Dy (3 — )| + &,
k

Kk k 1 l ai 6_uk 9 (1+vk)c7 _
Eo = Cor = z(r 90 | or ) Ex © =0,
where vi = (3ri-2ux)/ [2(31ck+,uk)] (k =1, 2) denotes the Poisson ratio, a; = 0.00028 K-!

is CTE of silicone, ax(= a. in Equation S8) is the effective CTE of the ethanol-silicone

k

composite layer. The displacement components u;: and u'; without rigid body

motion can be expressed as °

uk = Eik{ M +2(1 —v)Cyr+ Dyr[2(1 — vi)Inr — (1 + vk)]} + reg,
k _ 4Dk

Uy = r(@ ),

(S18)

with uf = 0 at@=m (k= 1,2).

Since there are zero tension at the inner and outer surfaces, we have ¥, = a'r‘g =0

(k=1, 2) at r = Ro—h1 and Rot+ha. Zero total tension and moment at two ends (6 =
0o and 2 — 6) leads to

[tk dr=0, [o0l 2 (rokydr =0, [* ok dr=0, (k=1,2).

(S192)



The continuities of the tension and displacements at the interface » = Ro require

1 2 1_.2 . 1_.2
Opy = 0%y, Uy = UL, Uy = US. (S19b)

Substituting Equation S17 and S18 into Equation S19, constants Bk, Ck and Dy, can be
determined as

E1R? EoR?
Dy = :]30 (62 —€1),D; = ;30 (&2 — €1),
+E1[2In(Ro—hy)+1 +E;[2In(Ro+hy)+1
¢, =—" 1l I;E]So ) ]R(Z)(Sz &), Cy = 2l 2;30 2) ]R(Z)(Sz — &), (S20a)

B = %R‘é(l —h)%(e; —€1),By = ?]—iRg(l + hy)% (&2 — £1),

with

_ B [1-(=h)?]|[(1+h2)*~1]+4(1+h2)*In(1=hy)In(1+h;)
M =73 [(1+7)2=1](1=h1)2In(1-hy)+[1— (1= 1) 2] (1+T2) 2In(1+]y)

E, —[(1+R2)?2 =1 +4(1+Rp) 2 [In(1+hp)]?

2 [(1+h2)2=1](1—h)2In(A—R) +[1—(1—)2] (1+F2)In(1+Fz)’
_E [1-(-R)?]’ ~4Q-F)2[In(1-R)]?
N2 = S [+ Ry 2—1] A=A 2In(A—h)+[1-A—FiDZ] (A+5i2) 2n(1+Fp)
Ey [(1+h2)2—1][1-(1—h)?]+4(1—h)?In(1+hx)In(1—Ry)
2 [(1+h2)?—1](1—Rh1)?In(1-R)+[1-(1—h?|A+R2)In(1+Ry) |

N3 = E—E{nz[(l +v2)(1+ hp)? + (1 — vp)] + 2E2[(1 — v)In(1 + hy) + 1]}

~ [+ o)A — B + (= 0] + 2B, — v)In(t - Ry + 1)

(S20b)
with hl/RO = 711, hZ/RO = }_lz.
The angle 20;¢ of the curved bilayer structure is

u’é(r,Zrt—GO) _ u’g(rﬂo)

r

ZGf = 200 -

2
=26, —8%(52 — &1)( — 6y). (S21a)

By solving aée = 0, the position of neutral surface in the term of R, in the passive
layer is numerically calculated, which is close to its centroid axis Ro—41/2. The strain

at neutral surface gég(Rn) is then given by Equation S17b. According to Ry(2m —

20p)[1+ 8; o(Rn)] = Ri(2m — 205), the curvature radius of the deformed structure is

Ri =R, ’j;f;: [1+ e, (R)]. (S21b)

0:/6, given by Equation S21a and R¢/R, by Equation S21b are plotted in
Supplementary Figure S3 as thin lines. Comparing Equation S21a with Equation S15b,
the change of the curvature Ap in Equation S15b is determined as

Ap = 4%(52 — &), (S22)



. . T T
with the thermal expansion as &; = fTO a.dT and &, = fTO a,dT.

By ignoring the high-order terms of /i/Ro and h2/Ro, Equation S22 reduces to
Equation S14b. In the case of the curvature radius of the curved structure is
significantly larger than its thickness, Equation S15 is preferred for its conciseness,
and Equation S21 is preferred for its accuracy as the curvature radius is comparable to
the structure thickness.
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FIG. S3. Temperature-responsive deformation of a circular curved bilayer structure. (A)
[lustration of the circular curved bilayer structure. Upon heating, the curved structure
deforms into another circular arch with the initial interface radius Ro to Rt and the initial open
angle 26 to 26 (B, C) Evolution of the radius ratio R¢#/Ro and open angle ratio 8¢/6y as an
increasing thickness ratio /i/h, at AT = 65 K. Solid symbols are experimental data, open
symbols denote simulation results, thick solid lines are theoretical prediction from Equation
S15 and thin solid lines are prediction from Equation S21.

3. Materials fabrication and testing

Materials fabrications

In the experiments, Ecoflex 00-35 (Smooth-On, Inc.) is used as the silicon
elastomer matrix. Ecoflex 00-30 (Smooth-On, Inc.) and PDMS (SYLGRAD 184,
Dow Corning) are used as the passive layer. The precursors of Ecoflex 00-35 or
Ecoflex 00-30 are mixed under the volume fraction of 1:1 and cured at room
temperature, with Ecoflex 00-35 curing for 5 minutes, and Ecoflex 00-30 curing for 4
hours. For PDMS, the Sylgrad-184A is mixed with Sylgrad-184B under the mass
fraction of 10:1, and then the mixture is curing at 60 °C for 12 hours. As show in
Supplementary Figure S4, the fabrication of the soft actuators roughly includes the
following three steps. The precursors (volume fraction of 1:1) of Ecoflex 00-35 are

8



mixed with the ethanol for 4 minutes at first (Step 1). Then, the mixture is poured into
a mold with resistance wire embedded and cured at room temperature for 5 minutes
(Step 2). Finally, the soft actuators are removed from the mold and powered
electrically to achieve locomotion (Step 3). In Step 2, the passive layer made of
Ecoflex 00-30 or PDMS is pre-cured and placed inside the mold, then the uncured
mixture of ethanol and silicon rubber (Ecoflex 00-35) is poured into the mold and
cured together with the passive layer.

resistance wire

r— e
B
| 1 passive],";_ﬂ e
" (pre-cured silicone rubber) =

Stepl: hand-mixing of
ethanol with precursors of
Ecoflex 00-35 for 4 minutes

cardboard

resistance wire
Step 2: pouring the mixture
into mold and curing
at room temperature

Step 3: electrical
control and locomotion

FIG. S4. Fabrication process of soft robots.

Uniaxial tension/compression

A sample with a sectional dimension of 5 mm X 5 mm is inserted into a heating
tube (inner diameter of 10 mm) without touching with the side wall of the tube. After
the sample is fixed on the fixture, turn on the heating tube until the temperature
reaches the specific temperature. Waiting for another 5 minutes until the temperature
is constant, and then carry out the uniaxial tension/compression experiment.

Thermal expansion testing in a rigid container

A cylindrical composite sample of diameter 6 mm is inserted into a rigid heating
tube of an inner diameter 6 mm and length 20 mm with two force gauges attached at
two ends. The confined sample of a shorter length than the confining tube can only
expand in the axial direction due to the circumferential constraint. Upon heating, the
sample first expands freely in the axial direction and then contacts with the force
gauges at a sufficiently high temperature. At a prescribed temperature, the contact
force is measured as the sample stops its expansion.



FIG. SS. Illustration of experimental setups. Uniaxial tension/compression testing (A) and
thermal expansion testing (B) of the ethanol-silicone composites. The mechanical testing is
conducted with MTI Instruments (MTESTQuattro, ADMET Inc.).
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FIG. S6. Crawling of self-folding structures with attached tips. (A) Locomotion illustration.
(B) Crawling of the self-folding structure in one heating-cooling cycle. Similar to the
inchworm robot, the asymmetrical friction between the attached sheets and substrate allows
unidirectional locomotion. Upon heating the hind leg of the structure is fixed and foreleg
slides forward; upon cooling the foreleg is fixed and the hind leg slides forward. Scale bar: 5
mm. (C) Position evolution of the sheets attached on the foreleg and hind leg (shown as the
inset). (D) Temporal evolution of the relative displacement A/Lo. In one cycle, the self-folding
structure with side angle & = 85° achieves a relative displacement A/Lo around 0.45 (solid line),
and the corresponding locomotion speed is about 0.10 mm/s. The dashed line is the temporal
variation of the input power from the resistance wire embedded in the soft joint.
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Table S1. Geometry and displacement information of walking robots and caterpillars.

Control methods € h (mm) Lo/h A/Ly References
0.0045 0.022
0.019 0.096
— 037 27.027 —————— [10]
0.0252 0.112
0.031 0.117
0.003 0.001 30000  0.196 [11]
Light 0.337
0.625 0.01 800 ol [12]
0.2 0.25 40 1 [13]
0.55 0.3 60 0.91 [14]
0.5 0.002 60 1 [15]
0.78 0.13 76.923  0.330 [16]
Pneumatic 0.3 20 5 0.190 [17]
DEAs 0.01 0.5 286 0.041 [18]
1E-4 2E-6 1000 1 [19]
0.3 2 32 0.025 [20]
0.7 3.2 20 0.363 [21]
0.24 0.5 57.2 0.070 [22]
Heat 0.03 0.220
0.02 0.6 100 0.130 [23]
0.01 0.015
0.2 0.05 290 0.055 [24]
0.02 0.75 13.333  0.466 [25]
0.4 0.4 100 1 [26]
Magnetic 0 0.1 80 3.5E-4 [27]
0.6 0.4 62.5 0.400 [28]
Electric 0.01 0.35 51.428  0.227 [29]
0.018 0.45 34.888  0.380 [30]
Humidity 0.04 0.06 416.666  0.342 [31]
0.005 0.005
0.01 0.010
Base oscillations  0.015 2 10 0.015 [32]
0.02 0.020
0.025 0.025
0.493 0.493
Vacuum —  0.25 400 ——— [33]
0.68 0.680
. . 0.2 0.05 6 0.044 [34]
Light rectilinear
motion 0.048 0.2 5 0.044 [35]
0.16 0.07 385.714  0.048 [36]
0.258 1.87 9.090 0.258
Caterpillars 0.25 3.45 6.956 0.250 [37]
0.161 5 5.20 0.162
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