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large contact areas by bringing the pad into contact with
objects while the pad is in its soft conformable state. Before
lifting an object, the contact pad is stiffened, which enables
improved load sharing at the contact interface, and therefore,
enhanced adhesion, as shown by Tatari et al.26 Thus, the
stiffness tuning capabilities of the gripper enable two of the
primary factors required for strong adhesive bonding: large
contact areas and a high level of load sharing at the contact
interface. When the gripper is required to release an object, it

simply returns the contact pad to its soft state, leading to
reduced load sharing and accordingly reduced adhesion
strength.

The general adhesion mechanism that this gripper relies upon
is ‘‘dry adhesion,’’ which is enabled by the van der Waals forces
that form when its silicone exterior comes into contact with
other solid objects.32 A number of other robotic grippers have
been developed that rely upon dry adhesion, many of which are
inspired by the fibrillar structure of gecko’s feet.26,33–35 How-
ever, except for the stiffness tuning posts developed by Tatari
et al.,26 none of these grippers leverage stiffness change to
control adhesion strength. Additionally, our gripper is distinct
from the gripper developed by Tatari et al. due to its ability to
conform to a variety of surface geometries. We also note that
various robotic grippers have been developed that rely upon
other adhesion-based mechanisms, including electroadhesion,36

tackiness-based adhesion,37 and adhesion induced by magnetic
fields.38 For a more comprehensive review of adhesion-based
grasping, the reader should consult other sources.3,39

In the following sections, we investigate the hypothesis that
an LMPP-based stiffness tuning element can be used in a soft
robotic gripper to enable adhesion-based grasping that is both
adaptive (meaning the geometry of the gripper can match
the geometry of the object being grasped) and controllable
(meaning the force capacity of the gripper can be modulated).
In adhesion-based grasping, the maximum adhesion force
(also referred to as pull-off force) between the gripper and a
target object determines the load capacity of the gripper. As a
result, pull-off force is often used as a metric for evaluating
the efficacy of adhesion-based grippers.18,34,38,40,41 To test the
effectiveness of our gripper and help guide its future design,
we conduct experiments to measure pull-off force as a func-
tion of various parameters. Additionally, a finite element
model is developed to simulate the behavior of the gripper.
Finally, the gripper is used for pick-and-place demonstrations
with various objects.

Methodology

Material selection, synthesis, and characterization

The LMPP chosen as the stiffness tuning element for this
gripper was a thermoplastic composite consisting of poly-
caprolactone (PCL) loaded with carbon black. The process
for fabricating the composite is described in detail by Rich
et al.27 Qualitative testing revealed that the most favorable
composition was an 80:20 ratio of PCL (Perstorp AB) to
carbon black (Alfa Aesar) by weight. The selected PCL had a
molecular weight of 88.4 kg/mol (CAPA 6800).

Qualitative testing indicated that as the composite’s load-
ing fraction of carbon black increases, its stiffness at room
temperature increases while its ductility decreases. Similarly,
reductions in the molecular weight of PCL lead to increased
stiffness and reduced ductility. These results are consistent
with those reported in a detailed characterization by Rich
et al.27 We desired a composite that was maximally stiff at
room temperature without being susceptible to fracture, and
we found that the composite described above met these re-
quirements. An additional consideration was the viscosity of
the composite in its melt state. Our tests showed that viscosity
increases with molecular weight of the polymer and loading
fraction of carbon black (also consistent with results reported
by Rich et al.27). We required that the viscosity would be high

FIG. 1. (A) Fully integrated robotic system, with gripper
mounted to robot arm. (B) Gripper with contact pad attached.
(C) Contact pad containing a stiffness tuning element com-
posed of a carbon-filled PCL composite and serpentine copper
heater. PCL, polycaprolactone. Color images are available
online.
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large contact areas by bringing the pad into contact with
objects while the pad is in its soft conformable state. Before
lifting an object, the contact pad is stiffened, which enables
improved load sharing at the contact interface, and therefore,
enhanced adhesion, as shown by Tatari et al.26 Thus, the
stiffness tuning capabilities of the gripper enable two of the
primary factors required for strong adhesive bonding: large
contact areas and a high level of load sharing at the contact
interface. When the gripper is required to release an object, it

simply returns the contact pad to its soft state, leading to
reduced load sharing and accordingly reduced adhesion
strength.

The general adhesion mechanism that this gripper relies upon
is ‘‘dry adhesion,’’ which is enabled by the van der Waals forces
that form when its silicone exterior comes into contact with
other solid objects.32 A number of other robotic grippers have
been developed that rely upon dry adhesion, many of which are
inspired by the fibrillar structure of gecko’s feet.26,33–35 How-
ever, except for the stiffness tuning posts developed by Tatari
et al.,26 none of these grippers leverage stiffness change to
control adhesion strength. Additionally, our gripper is distinct
from the gripper developed by Tatari et al. due to its ability to
conform to a variety of surface geometries. We also note that
various robotic grippers have been developed that rely upon
other adhesion-based mechanisms, including electroadhesion,36

tackiness-based adhesion,37 and adhesion induced by magnetic
fields.38 For a more comprehensive review of adhesion-based
grasping, the reader should consult other sources.3,39

In the following sections, we investigate the hypothesis that
an LMPP-based stiffness tuning element can be used in a soft
robotic gripper to enable adhesion-based grasping that is both
adaptive (meaning the geometry of the gripper can match
the geometry of the object being grasped) and controllable
(meaning the force capacity of the gripper can be modulated).
In adhesion-based grasping, the maximum adhesion force
(also referred to as pull-off force) between the gripper and a
target object determines the load capacity of the gripper. As a
result, pull-off force is often used as a metric for evaluating
the efficacy of adhesion-based grippers.18,34,38,40,41 To test the
effectiveness of our gripper and help guide its future design,
we conduct experiments to measure pull-off force as a func-
tion of various parameters. Additionally, a finite element
model is developed to simulate the behavior of the gripper.
Finally, the gripper is used for pick-and-place demonstrations
with various objects.

Methodology

Material selection, synthesis, and characterization

The LMPP chosen as the stiffness tuning element for this
gripper was a thermoplastic composite consisting of poly-
caprolactone (PCL) loaded with carbon black. The process
for fabricating the composite is described in detail by Rich
et al.27 Qualitative testing revealed that the most favorable
composition was an 80:20 ratio of PCL (Perstorp AB) to
carbon black (Alfa Aesar) by weight. The selected PCL had a
molecular weight of 88.4 kg/mol (CAPA 6800).

Qualitative testing indicated that as the composite’s load-
ing fraction of carbon black increases, its stiffness at room
temperature increases while its ductility decreases. Similarly,
reductions in the molecular weight of PCL lead to increased
stiffness and reduced ductility. These results are consistent
with those reported in a detailed characterization by Rich
et al.27 We desired a composite that was maximally stiff at
room temperature without being susceptible to fracture, and
we found that the composite described above met these re-
quirements. An additional consideration was the viscosity of
the composite in its melt state. Our tests showed that viscosity
increases with molecular weight of the polymer and loading
fraction of carbon black (also consistent with results reported
by Rich et al.27). We required that the viscosity would be high

FIG. 1. (A) Fully integrated robotic system, with gripper
mounted to robot arm. (B) Gripper with contact pad attached.
(C) Contact pad containing a stiffness tuning element com-
posed of a carbon-filled PCL composite and serpentine copper
heater. PCL, polycaprolactone. Color images are available
online.
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Adhesion & 
stiffness-tuning 
material mounted to 
parallel-plate end 
effector

When analyzing results from tests with the cylindrical
substrate in Figure 7, it is evident that the trend of increased
pull-off force for stiff versus soft state tests still holds. As
with the flat substrate, we observe that as Sis held constant
and H increases, the pull-off force decreases. The magnitudes
of the pull-off force are also similar to what was observed
with the flat substrate.

One possible source of uncertainty from the pull-off test-
ing is that the contact pad was prone to experiencing small
amounts of plastic deformation during testing. We believe that
this was due to the fact that the flexible heater did not cover the
entire area of the composite’s surface (Fig. 3A). Consequently,
the edges of the composite (not covered by the heater) were not
always raised to the same temperature as the rest of the com-
posite, which prevented them from fully softening and caused
them to retain a small amount of curvature as the contact pad
was continuously stretched (flattened) and compressed
(curved) over the course of many loading cycles.

Comparison of FEA and experimental results

Using the finite element model described in the Finite
Element Model section, the gripper’s deformed profile after
contact formation was examined for several combinations of
Sand H. Generally, the predicted profiles show good agree-
ment with the experimental profiles, as exemplified by the
profiles shown in Figure 8.

To estimate the ratio of stiff to soft pull-off forces, the system
compliance was determined for sets of Sand H values in both
the stiff and soft states. For all combinations of Sand H con-
sidered, use of Equation (1) yielded a stiff to soft pull-off force
ratios ranging from *8 to 13, as shown in Supplementary
Figure S1. From a compliance perspective, and considering the
250 · increase in the Young modulus of the core material upon
stiffening, the theoretical maximum stiff to soft pull-off force
ratio is expected to be in the range of *

ffiffiffiffiffiffiffiffi
250
p

. This suggests a
16 · increase in pull-off force, which is comparable to the range
predicted by FEA. These predicted ratios are larger than those

given by the experimental data, which shows up to a 6 · in-
crease in pull-off force from stiffening the core. The difference
between the FEA prediction and the experimental results could
be attributed to time-dependent effects, plastic deformations of
the PCL core, and misalignment between the gripper and
substrate in the experiments that would reduce the measured
pull-off force, which are not captured by the FEA.

Pick-and-place demonstrations

In addition to pull-off testing, the gripper’s efficacy was
also evaluated based on pick-and-place demonstrations con-
ducted with various objects. Objects successfully grasped and
released included a playing card (1.62 g), a silicon wafer (9.38 g),
a small tomato (25.3 g), and a juice can (36.6 g), as shown in
Figure 9. Footage of these pick-and-place demonstrations is
available in Supplementary Video S3–S6. See Supplementary
Figure S2 for a block diagram detailing the control sequence for
pick-and-place tasks.

In general, we found that this gripper excels at grasping flat
smooth objects, which can be challenging for other grippers
that grasp objects via force closure. It was even capable of
lifting a small dinner plate weighing 147 g (1.44 N), corre-
sponding to 78% of the maximum pull-off force measured
during pull-off testing (see Supplementary Video S7). The
gripper is also capable of grasping objects with convex sur-
faces of various shapes and sizes, including a tomato and a
juice can, as shown in Figure 9. Although this capability is
generally limited to objects with simple rounded surfaces, it
serves to demonstrate the gripper’s versatility. After grasp-
ing, each of the objects was released and returned to near its
original location by simply heating the contact pad and al-
lowing the object to drop due to the decreased adhesion force.

In addition to flat and convex objects, the gripper geometry
can be controlled before contact to allow for conformation
to concave objects. To demonstrate this, the finite element
model was used to predict the deformed gripper geometry
when decreasing Sbefore contact. As shown in Supplementary

FIG. 8. Deformed profiles of the
contact pad before retraction. Pre-
dictions from FEA with logarithmic
maximum principal strain contours
are shown in the left column, and
experimental results are shown in
the right column. FEA, finite ele-
ment analysis. Color images are
available online.
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Soft active material allows the 
gripper to conforms to 

objects of varying geometry 
for controlled pick-and-place

Figure S3, the radius of curvature and span of the bottom of the
gripper can be significantly reduced by decreasing S. Therefore,
the gripper can accommodate a range of concave objects, which
is limited by the combination of object curvature and depth.
Additionally, the peel angle will be smaller when grasping a
concave object compared with a flat object and will continue to
decrease with increasing object curvature. Since pull-off force
increases with decreasing peel angle as suggested by the Kendall
equation,46 we expect the load capacity of the gripper to increase
when grasping concave objects.

The gripper also showed promise in handling fragile
objects—such as a silicon wafer and a tomato—without
causing any damage to them. This capability is a result of the
low modulus of the gripper during contact formation (0.09 MPa
for the outer Dragon Skin 10 layer and 2 MPa for the softened
PCL core) and the ability to form large contact areas. This
results in low contact pressures that prevent object damage.
The mean contact pressure exerted by the gripper can be esti-
mated from the experimental data by dividing the preload
(measured at Step 3 in Fig. 4A, B) by the contact area, which
can be estimated using photographs from the experiments.
Using this approach, we found that the largest mean contact
pressure exerted by the gripper on the cylindrical substrate was
1 kPa (see Supplementary Table S1 for additional data relating
to estimation of contact pressures). For grasping of round
fragile objects such as fruits and vegetables, this pressure is
well below the threshold for causing damage. For example, a
study by Pettersson et al.10 found that strawberries could
withstand up to 6 kPa without bruising.

Taken as a whole, these pick-and-place demonstrations
are a validation of the gripper’s applicability toward real-
world tasks. Although there are several classes of objects
which the gripper cannot reliably grasp—including those
with rough or wet surfaces (which are problematic for many
grippers that rely upon dry adhesion) or complex surface
geometries—it exhibits an impressive degree of versatility
given its simplicity. Importantly, because of the gripper’s
simplicity—specifically the fact that it requires only a
single servo motor for actuation and a 9 V power supply to
power the flexible heater—it can be easily integrated with
most robotic systems, including the small uArm robot that
was used for these demonstrations.

Limitations

While the gripper developed for this study has demon-
strated its ability to successfully grasp and release various

objects, it does have some limitations. First is the gripper’s
cycle time. Since the gripper’s stiffness tuning capability is
dependent on a thermally induced phase change, the amount
of time required to perform a successful grasp is relatively
large. Quantitatively, the gripper requires on average 3.3 min
to heat from room temperature to T

˜
set = 50!C and 4.5 min to

cool to T
˜
stiff = 35!C (as established in the Material Selection,

Synthesis, and Characterization Section), resulting in an
overall cycle time of 8.8 min to grasp a single object. This
issue is common among stiffness tuning technologies that
rely upon thermal activation. However, there are several
steps that could be taken in future work to reduce this cycle
time. One solution is to load the contact pad’s silicone
matrix with liquid metal to increase its thermal conduc-
tivity, as established by Bartlett et al.47 Another solution
is to implement ‘‘vascular’’ cooling by running cold fluid
through the contact pad while it cools, as demonstrated in
multiple studies.17,20,48 Additionally, the PCL composite
could be replaced with a material with a lower melting point
and higher thermal conductivity.

Another limitation of the current gripper is that it is not
always successful in releasing objects after grasping. In
principle, when the gripper is ready to release an object, the
contact pad can be heated to T

˜
set = 50!C to reduce the adhe-

sion strength. However, if the object is too light such that its
weight is not sufficient to overcome the minimum adhesion
strength, the object will not be released. In the case of light
objects, it is useful to control Sand H so as to form only the
minimum amount of contact area required to lift the object.
Then, if the object will not release, the distance between
gripper jaws can be modulated to help facilitate peeling and
object detachment, although this is not always successful.
Once the contact pad is fully softened, the minimum adhe-
sion strength ultimately depends on the surface energy of the
contacting surfaces. Therefore, if release of very light objects
is desired, a material with lower surface energy can be used
for the outer surface of the contact pad.

Conclusion

This research focused on the development of a novel soft
robotic gripper that relies upon stiffness and adhesion tuning
capabilities enabled by controlling the temperature of a
thermoplastic composite embedded in a soft contact pad.
Pull-off tests performed using the gripper showed that stiff-
ness tuning leads to enhanced adhesion and provided insight
into the effect of gripper geometry and substrate geometry on

FIG. 9. Grasping various objects: (A) Playing card, 1.62 g. (B) Silicon wafer, 9.38 g. (C) Small tomato, 25.3 g. (D) Juice
can, 36.6 g. Color images are available online.
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is limited by the combination of object curvature and depth.
Additionally, the peel angle will be smaller when grasping a
concave object compared with a flat object and will continue to
decrease with increasing object curvature. Since pull-off force
increases with decreasing peel angle as suggested by the Kendall
equation,46 we expect the load capacity of the gripper to increase
when grasping concave objects.

The gripper also showed promise in handling fragile
objects—such as a silicon wafer and a tomato—without
causing any damage to them. This capability is a result of the
low modulus of the gripper during contact formation (0.09 MPa
for the outer Dragon Skin 10 layer and 2 MPa for the softened
PCL core) and the ability to form large contact areas. This
results in low contact pressures that prevent object damage.
The mean contact pressure exerted by the gripper can be esti-
mated from the experimental data by dividing the preload
(measured at Step 3 in Fig. 4A, B) by the contact area, which
can be estimated using photographs from the experiments.
Using this approach, we found that the largest mean contact
pressure exerted by the gripper on the cylindrical substrate was
1 kPa (see Supplementary Table S1 for additional data relating
to estimation of contact pressures). For grasping of round
fragile objects such as fruits and vegetables, this pressure is
well below the threshold for causing damage. For example, a
study by Pettersson et al.10 found that strawberries could
withstand up to 6 kPa without bruising.

Taken as a whole, these pick-and-place demonstrations
are a validation of the gripper’s applicability toward real-
world tasks. Although there are several classes of objects
which the gripper cannot reliably grasp—including those
with rough or wet surfaces (which are problematic for many
grippers that rely upon dry adhesion) or complex surface
geometries—it exhibits an impressive degree of versatility
given its simplicity. Importantly, because of the gripper’s
simplicity—specifically the fact that it requires only a
single servo motor for actuation and a 9 V power supply to
power the flexible heater—it can be easily integrated with
most robotic systems, including the small uArm robot that
was used for these demonstrations.

Limitations

While the gripper developed for this study has demon-
strated its ability to successfully grasp and release various

objects, it does have some limitations. First is the gripper’s
cycle time. Since the gripper’s stiffness tuning capability is
dependent on a thermally induced phase change, the amount
of time required to perform a successful grasp is relatively
large. Quantitatively, the gripper requires on average 3.3 min
to heat from room temperature to T

˜
set = 50!C and 4.5 min to

cool to T
˜
stiff = 35!C (as established in the Material Selection,

Synthesis, and Characterization Section), resulting in an
overall cycle time of 8.8 min to grasp a single object. This
issue is common among stiffness tuning technologies that
rely upon thermal activation. However, there are several
steps that could be taken in future work to reduce this cycle
time. One solution is to load the contact pad’s silicone
matrix with liquid metal to increase its thermal conduc-
tivity, as established by Bartlett et al.47 Another solution
is to implement ‘‘vascular’’ cooling by running cold fluid
through the contact pad while it cools, as demonstrated in
multiple studies.17,20,48 Additionally, the PCL composite
could be replaced with a material with a lower melting point
and higher thermal conductivity.

Another limitation of the current gripper is that it is not
always successful in releasing objects after grasping. In
principle, when the gripper is ready to release an object, the
contact pad can be heated to T

˜
set = 50!C to reduce the adhe-

sion strength. However, if the object is too light such that its
weight is not sufficient to overcome the minimum adhesion
strength, the object will not be released. In the case of light
objects, it is useful to control Sand H so as to form only the
minimum amount of contact area required to lift the object.
Then, if the object will not release, the distance between
gripper jaws can be modulated to help facilitate peeling and
object detachment, although this is not always successful.
Once the contact pad is fully softened, the minimum adhe-
sion strength ultimately depends on the surface energy of the
contacting surfaces. Therefore, if release of very light objects
is desired, a material with lower surface energy can be used
for the outer surface of the contact pad.

Conclusion

This research focused on the development of a novel soft
robotic gripper that relies upon stiffness and adhesion tuning
capabilities enabled by controlling the temperature of a
thermoplastic composite embedded in a soft contact pad.
Pull-off tests performed using the gripper showed that stiff-
ness tuning leads to enhanced adhesion and provided insight
into the effect of gripper geometry and substrate geometry on

FIG. 9. Grasping various objects: (A) Playing card, 1.62 g. (B) Silicon wafer, 9.38 g. (C) Small tomato, 25.3 g. (D) Juice
can, 36.6 g. Color images are available online.
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Coulson, R., Stabile, C.J., Turner, K.T. and Majidi, C., 
“Versatile Soft Robot Gripper Enabled by Stiffness and 
Adhesion Tuning via Thermoplastic Composite,” Soft 
Robotics in press (2021).

structured carbon black particulates for electrical conductivity.
These smart composites can soften when activated through
Joule heating or external heating above 75 !C, the melting point
of the copolymer matrix.[24] Stiffness tunability is also closely
related to shape memory effect in materials. Many of the recently
engineered smart materials with tunable stiffness exhibit shape
memory effect.[16,20] Shape memory is the ability of a material to
be programmed into a new temporary shape and then recover to
its initial shape upon being triggered by external stimuli.[32,33]

Shape memory has been achieved before in polymers by
incorporating liquid-crystal elastomers,[14,34] semi-crystalline
elastomers,[35,36] percolating networks of cellular nanofibers,[37]

stearic acid,[38] wax,[39–41] and supercooled salt solution.[42]

Smart materials with tunable stiffness have been used as
actuation mechanisms for soft grippers based on mechanical
interlocking or dynamically tunable dry adhesion,[43,44] for
soft crawling robots,[45,46] for minimal invasive continuum devi-
ces,[47] and for reconfigurable surfaces in drones.[28] However,
the existing smart materials still exhibit limited tunability of
mechanical stiffness and/or electrical/thermal conductivity
(either too high or too low), and poor mechanical robustness
for repeated use,[15–18,20,22,23,31] thus presenting challenges in
terms of activation voltage (too high) and activation time
(too long) for their applications in soft and reconfigurable
robotics.[15–18,22,27,28] These limitations can be attributed to the
fact that most of the existing smart composites are composed
of one matrix component and one functional component with
low aspect ratio. For example, high electrical conductivity
requires percolation, which is difficult to achieve with merely
particle inclusions in an elastomeric matrix.[48]

Here, we introduce a novel three-component elastomer–
particle–fiber composite system containing LMPA particles and
conductive fibers, to overcome the limitations of existing two-
component smart materials with tunable stiffness (Figure 1).
Our composite system is featured with high tunability of electri-
cal/thermal conductivity due to the presence of the third phase of
conductive fibers, and tunable mechanical stiffness due to the
phase of LMPA particles. We implement the composite system
using a polydimethylsiloxane (PDMS) host matrix, Field’s metal
(FM) particles, and nickel-coated carbon fibers (NCCF).[49] FM is

a eutectic alloy of bismuth, indium, and tin with a low melting
point at 62.0 !C. As FM particles are rigid at room temperature
with a Young’s modulus of 9.25 GPa,[22] the composites are
expected to be relatively rigid at room temperature. In addition,
both PDMS and NCCF are stable up to 220 !C.[50,51] The FM
particles and NCCF can be homogeneously dispersed in the
elastomer matrix. Thus, the composite can be thermally and
mechanically robust for repeated use.

The conceptual design, experimental implementation, and
sample demonstration for the electrically conductive stiffness
tunable composites are shown in Figure 1. The topological
difference in the microstructure of a two-component elastomer–
particle composite and a three-component elastomer–particle–
fiber composite is shown in Figure 1a. When only spherical par-
ticles made of FM are present in the elastomer matrix, it is hard
to form a percolation network for the composite to be electrically
conductive. However, when both the FM particles and the
conductive NCCF are included, it is much easier to form. The
electrical conductivity of the elastomer–particle–fiber composite
can thus be tuned easily by varying the volume fraction of the
three components. The three-component composites were fabri-
cated using a multi-step pestle-and-mortar method for mixing
and subsequent casting and curing. For comparison purpose,
we also fabricated two-component PDMS–FMparticle composites.

Scanning electron microscopy (SEM) images of the cross-
sectional cuts of these composites qualitatively verify the
expected microstructure difference, as shown in Figure 1b.
Here the PDMS–FM composite is not electrically conductive,
but the PDMS–FM–NCCF composite can be highly conductive.
It can be clearly seen that the NCCF bridge between the FM par-
ticles to create conductive pathways (right panel in Figure 1b).
Figure 1c shows that a thin strip of the three-component smart
composite can hold a 20 g weight in the cantilever beam config-
uration with a small displacement at the tip of the beam
(left panel). Upon demand, certain portion of the beam can be
selectively activated with direct Joule-heating using a portable
power supply, e.g., lithium ion polymer batteries. When the tem-
perature of the smart composite is elevated above 62.0 !C, the FM
particles will melt into droplets and the mechanical stiffness of
the composite will decrease sharply such that the beam deflection

Figure 1. Conceptual design, experimental implementation, and sample demonstration of the electrically conductive composite with tunable
stiffness. a) Schematics of the PDMS–FM composite (left) and PDMS–FM–NCCF composite (right). b) SEM images of a cross-section cut of a
PDMS–FM composite (left, 50% PDMS–50% FM by volume), and a cross-section cut of a PDMS–FM–NCCF conductive composite (right, 47.4%
PDMS–42.0% FM" 10.6% NCCF by volume). c) A thin beam made of the conductive three-component composite can be selectively softened with
direct Joule-heating. The dimensions of the activated part of the beam are 28.8 mm # 3.8 mm # 2.4 mm (Video S1, Supporting Information).
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and their new lengths were measured and Rr was calculated to be
87.10%, 93.30%, and 96.65% for composites with compositions
50% PDMS–50% FM, 45.6% PDMS–45.6% FM–8.8% NCCF,
and 47.4% PDMS–42% FM–10.6% NCCF, respectively. These
values are in reasonable agreement with existing literature.[59]

The trend observed in the shape fixity and shape recovery values
compared with the volume fraction of the constituents shows
that increasing the content of the NCCFs reduces the shape fixity
and increases the shape recovery. Increasing the
content of NCCFs in the composite increases the effective elastic
modulus of the matrix as NCCF fillers remain solid even in the
soft state of the composite, which brings down the fixity. Yet for
the same reason, the NCCF fillers contribute to shape recovery,
thus helping the composite structure return into its initial shape
after the force is removed.

In Figure 4, we showcase that a thin strip of the three-
component smart composite can hold a 50 g weight in the single
cantilever beam configuration with a small displacement at the
tip (panel 1, 2). When the strip is partially heated using a heat gun
(panel 3), FM inclusions melt and the composite softens, which
results in a large displacement at the tip of the beam under the
same weight. The beam can hold the deformed configuration in
the cold state (panel 4) even after the weight is removed. FM
inclusions are solidified in the deformed state and the beam
can maintain the new configuration with strain energy stored
within. When heated above 62 !C again, the beam recovers its
initial undeformed configuration mostly and the stored strain
energy in the smart composite is released.[47] Here, this smart
composite essentially performs as an entropic spring and creates
the shape memory effect.[18]

Although the EMA and theory used here can roughly estimate
the mechanical and electrical properties of the three-component
smart composites that are experimentally characterized, we rec-
ognize that it is difficult to rely on these for systematic optimal
design of the smart composite, when not only the volume
fractions of the three components are varied but also the size
distribution, aspect ratio, and even the fiber types are changed
to achieve a whole set of desirable mechanical and electrical
properties to satisfy specific needs according to different appli-
cations. Efforts on this aspect are clearly needed but beyond
the scope of this work.

The three-component elastomer–particle–fiber smart compos-
ite we introduced here can have a combination of desirable
properties including dynamically tunable mechanical stiffness,
highly tunable electrical/thermal conductivity by varying volume
fraction and temperature, improved mechanical and thermal
robustness for repeated use, and shape memory effect. The
composites can be selectively heated up/softened by applying
electrical voltage through certain portion of the composite.
We have demonstrated smart composites with " 20# stiffness
change, high electrical conductivity to allow for fast and portable
activation through Joule heating, mechanical/thermal robust-
ness for repeated use, and shape memory effect. This is by no
means the optimal design and implementation of such a
composite system, and future research would be expected to fully
explore the potential of such a composite system.

Experimental Section

Fabrication: An ingot of FM (Roto144F, RotoMetals, Inc.) was heated
up with part A of PDMS (Sylgard 184, Dow Corning) in a ceramic mortar
on a hot plate to 70 !C. A pestle was used to shear-mix the molten FM to
50–100 μm particles in part A of PDMS.[31] Then the mixture was trans-
ferred into a fridge at 5 !C for 15 min till the FM particles solidify.
Next, the mixture was taken out of the fridge and kept at the room tem-
perature for 1 h. After that, part B of PDMS with a 1:10 ratio to part
A and NCCF (Nickel wt% ¼ 40%, length ¼ 100 μm, diameter ¼ 5 μm,
Conductive Composites, Inc.) were added and blended with the mixture
with a pestle thoroughly. In the next step, the uncured composite paste
was flattened to a sheet and cured at 55 !C for 5 h between two metal
plates of a heat press machine (Carver 4389). Toward the end, with
the sheet still under compression, the temperature was increased to
90 !C for 40min to enhance the electrical connection between the
NCCF and the molten FM particles.

Testing: For stiffness characterization, rectangular samples with 3mm
thickness were cut from the composite sheets for tensile testing using an
Instron 5969 testing system, which had a 50 kN load cell equipped with an
extensometer with a gauge length of 25.4 mm. The samples were loaded in
tension with a constant displacement rate of 2 mmmin% 1, up to a strain of
2.5%, and then unloaded to the stress-free state. Bluehill 2 testing software
was used to calculate the elastic moduli of samples from the stress–strain
measurements automatically. To measure the electrical resistivity at differ-
ent temperatures up to 115 !C, the samples were cut with dimensions of
20mm # 5 mm # 2.4 mm and placed into an oven. A two-point probe
technique was adopted to measure the electrical resistivity.

Figure 4. Shape memory effect of the three-component smart composite (47.4% PDMS–42.0% FM–10.6% NCCF by volume). 1,2) The clamped beam
made of the smart composite can hold a 50 g weight with a small displacement at the tip. Beam dimensions 39.1 mm # 13.1 mm # 2.4mm. 3) The smart
composite softens when heated with a heat gun and the clamped beam deforms under the same 50 g weight. 4) The beam can hold its new configuration
in the deformed state when cooled down to a temperature lower than the melting point of FM. 5,6) The beam recovers its initial configuration when
heated above 62 !C. There is still a small deflection after shape recovery, which might be attributed to imperfect clamping. Blue and red circle symbols on
the bottom left of each panel correspond to the stiff and soft states of the material, respectively.
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Fig. 1. Overview of the SMP adhesive gripper. a Schematic of the gripper showing the 
SMP membrane, support chamber and heater. b A picture of the SMP adhesive gripper 
viewed from the membrane side (scale bar is 2 cm). c Principle of operation of the SMP 
gripper for picking up and releasing an object. 

Fig. 2. Examples of the SMP adhesive gripper gripping various objects. a A 105-g 
Rubik’s CubeTM. b A 150-g apple. c A 4-g pen. d An array of twenty-four individual 6.35 
mm dia. 0.16-g plastic beads. e A 116-g plastic dome with a radius of curvature of 90 mm. 
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