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Abstract

Thermal actuation is a common actuation method for soft robots. However, a major limitation is the relatively
slow actuation speed. Here we report significant increase in the actuation speed of a bimorph thermal actuator
by harnessing the snap-through instability. The actuator is made of silver nanowire/polydimethylsiloxane com-
posite. The snap-through instability is enabled by simply applying an offset displacement to part of the actuator
structure. The effects of thermal conductivity of the composite, offset displacement, and actuation frequency on
the actuator speed are investigated using both experiments and finite element analysis. The actuator yields a
bending speed as high as 28.7 cm-1/s, 10 times that without the snap-through instability. A fast crawling robot
with locomotion speed of 1.04 body length per second and a biomimetic Venus flytrap were demonstrated to
illustrate the promising potential of the fast bimorph thermal actuators for soft robotic applications.

Keywords: silver nanowires, soft robot, soft actuator, snap-through instability, electrothermal actuation

Introduction

Soft robots are constructed from highly compliant
materials. In contrast to their rigid counterparts, they

allow adaptability to changing environments and dynamic
task settings, as well as improved safety when working
around humans.1,2 Soft robots have found wide applica-
tions in biomedical engineering, surgical assistance, active
prosthetics, camouflage, and perception technologies.3–7

Researchers have been exploring different actuation methods
for soft robots using a variety of stimuli, including pressure,8,9

heat,10,11 electrical field,12–14 magnetic field,15–17 and chemical
potential.18,19

No actuation method has yet emerged as the dominant
method. Trade-offs exist in force, speed, displacement, and
requirement for auxiliary equipment. Research in the field
has so far focused on improving the performances of these

actuation methods.2 Among the various types of stimuli,
electric stimulus is one of the simplest and most convenient,
where electroactive polymers, either ionic or field activated,
are widely used. For electrically stimulated actuators, the
ionic activation typically operates in an electrolyte environ-
ment while the field activation requires high voltage
(>1 kV).20

Another type of electrically stimulated actuator, bimorph
thermal actuator,10,21,22 based on mismatch in coefficient of
thermal expansion (CTE) of two materials, has drawn much
attention due to programmable operation,23 lightweight, low
actuation voltage, being electrolyte free, and potential for
untethered operation (e.g., using wireless charging).24,25

However, owing to the intrinsic thermal properties of soft
materials, a major limitation of such thermally triggered soft
robots is the relatively low speed. Indeed, improving the
speed of soft robots has been a general challenge in the field,
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especially for entirely soft robots (without assistance of rigid
skeletons, frames, etc.).13,26,27

An intuitive way to enhance the speed of an electrothermal
actuator is to increase the thermal conductivity (TC) of the
stimuli-responsive materials. However, the enhancement of
TC of soft materials is generally limited within a factor of 2.28

In addition to the material-based strategy, instability-based
shape morphing has attracted much attention.29 Snap-through
instability has been adopted in the field of soft actuators and
soft robots,30–34 due to its ability to trigger sudden and large
deformations.35

A soft acrylic membrane being inflated near the onset of
instability showed a increase of 1692% in area within 150 s
(over 200 times faster than without instability).34 A soft bistable
valve was reported to switch between different states using
pneumatic pressure triggered snap-through instability.36 In
another work, a soft actuator composed of interconnected
fluidic segments harnessed snap-through instability to am-
plify the changes in internal pressure, extension, shape, and
exerted force.32 For locomotion robots, a spine assisted soft
crawling robot leveraging the elastic instability was reported
with high locomotion speed and large actuation force.33

However, the combination of snap-through instability with
soft electrothermal actuation has not been reported for de-
signing high-performance, entirely soft robots.

In this study, we present a bimorph thermal actuator, based
on a silver nanowire/polydimethylsiloxane (AgNW/PDMS)
composite, with snap-through instability to achieve fast ac-
tuation.

The actuator, including two active and one passive rib-
bons, was fabricated using a simple and low-cost process
(Fig. 1). The snap-through instability was introduced by ap-
plying an offset displacement to the passive ribbon. Both
experiments and finite element analysis (FEA) were con-
ducted to investigate the effects of thermal conductivity of
the AgNW/PDMS composite, offset displacement, and ac-

tuation frequency on the actuator performance. The snap-
through instability significantly increased the actuation
speed, up to 10 times that without the instability. A fast
crawling robot with locomotion speed of 1.04 body length per
second (BL/s) and a biomimetic Venus flytrap were dem-
onstrated to illustrate the promising potential of the fast bi-
morph thermal actuators for soft robotic applications.

Materials and Methods

Fabrication of snap-through enabled AgNW actuator

First, 60 mL of a 0.147 M Polyvinylpyrrolidone (PVP)
(MW *40,000; Sigma-Aldrich) solution in ethylene glycol
(EG) was added to a round-bottom flask to which a stir bar
was added; the vial was then suspended in an oil bath
(temperature 151.5�C) and heated for 1 h under magnetic
stirring (150 rpm). Then at 1 h, 200 lL of a 24 M CuCl2

(CuCl2$2H2O, 99.999+%; Sigma-Aldrich) solution in EG
was injected into the PVP solution. The solution was then
injected 60 mL of a 0.094 M AgNO3 (99+%; Sigma-Aldrich)
solution in EG.

The AgNW solution was drop-casted on plasma treated
glass slide; at the same time, the solution was heated by a hot
plate at 50�C to evaporate the solvent. Then liquid PDMS
(SYLGARD 184; DOW, Inc.) with a weight ratio of 10:1 was
mixed thoroughly with Barium Titanate (BT) powder (weight
ratio 80%) before spin coating onto the AgNW film. The
coated composite precursor was cured at 100�C for 1 h. The
cured composite film was then laser cut into an M shaped
pattern and removed from the glass slide. Then the AgNW/
BT/PDMS composite film was attached to a fixed supporting
surface with the middle ribbon slightly dislocated in the
horizontal direction. Cu wires were attached to the two outer
ends of the pattern by silver epoxy (MG Chemicals) for
connection to the power source.

FIG. 1. Design of the bimorph thermal actuator. (a) Fabrication process of the bimorph thermal actuator. (b) Schematic
view of the bimorph thermal actuators without (left) and with (right) offset displacement on the passive ribbon. AgNW,
silver nanowire; PDMS, polydimethylsiloxane. Color images are available online.
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Fabrication of snap-through enabled crawling robot

The AgNW/BT/PDMS composite film was prepared using
the same materials and method described above. Then the
composite film was laser cut into an M shaped pattern with
four extended limbs at the four corners. The middle ribbon
was slightly dislocated in the horizontal direction and then
fixed together with the other two ribbons by a piece of ad-
hesive tape. Cu wires were attached to the two outer ends of
the pattern by silver epoxy (MG Chemicals) for connection to
the power source (Agilent 6613C).

Fabrication of snap-through enabled Venus flytrap

The AgNW/BT/PDMS composite film was prepared using
the same materials and method described above. Then the
composite film was laser cut into a biomimetic Venus flytrap
shaped leaf. The flytrap was finished by having two of the
fabricated leaves facing each other and applying offset on the
middle ribbon. Finally, Cu wires were attached to the two
outer ends of the two leaves by silver epoxy (MG Chemicals)
for connection to the power source (Agilent 6613C).

Measurements

Temperature change of the stretchable thermochromic
heater was measured with an infrared camera (A655SC
FLIR) with error of –2�C or –2% of reading.

Results and Discussion

Figure 1a shows the fabrication process of the snap-
through enabled bimorph thermal actuator. AgNWs have
been widely used as a heating material in soft devices due to
their excellent electric conductivity and mechanical com-
pliance.10,37–41 In this work, we fabricated the soft actuator
using the AgNWs in the form of a percolation network, as the
heating element, embedded just below the surface of the
polymer matrix (PDMS in this case).42–44 The AgNW/PDMS
layer (3 lm in thickness) and the pure PDMS layer (50 lm in
thickness) form a thermal bimorph.

During the fabrication, BT powders (with average diam-
eter of 6.08 lm) were doped into the precursor of PDMS to
enhance the thermal conductivity (Supplementary Fig. S1).
The weight ratio of BT and PDMS, 0.8, was used in this work.
The TC of PDMS/BT increased from 0.15 W/mK (derived
from the data sheet of SYLGARD 184; DOW, Inc.) to 0.23
W/mK. After curing in an oven, the composite film was laser
cut into an M shaped pattern (16 · 6 mm) with three ribbons
connected at one end but separated at the other (Fig. 1a). The
two outward ribbons together with the connecting part of the
M shaped pattern form the conducting path with uniform
sheet resistance.

When applying a low voltage (on the order of a few volts) at
the two ends of the ribbons, the conducting path of the com-
posite film can quickly heat up (e.g., 120�C within 14 s at 2 V)
(Supplementary Fig. S2a). From Supplementary Figure S2b, a
decrease of time constant from 2.64 to 1.73 s can be seen when
comparing the cases without and with doping of BT powders.
To reach a certain temperature, the heating time can be re-
duced under a higher voltage (Supplementary Fig. S2a). Thus
we chose 2 V in the rest of this work to illustrate the low-
voltage actuation. Higher voltage may introduce local over-
heating due to possible nonuniformity in the AgNW network

as a result of the drop-casting method used in this work.
Printing can achieve more uniform AgNW network.45,46

To increase the actuation speed, we introduced a snap-
through mechanism by applying an offset displacement at the
free end of the middle ribbon, as shown schematically in
Figure 1b. The offset ratio d is defined as the ratio of the offset
displacement of the middle ribbon to the length of the middle
ribbon.

When peeled off from a sacrificial substrate, the composite
film automatically curled (with the initial curvature of
-5.23 cm-1) due to the stress gradient in the PDMS introduced
during the curing. The middle ribbon is curved, with a cur-
vature, slightly different from the initial one, after introducing
the offset displacement. Upon turning on the voltage, the
outward ribbons heat up as a result of Joule heating and un-
dergo a typical bimorph thermal actuation as a result of the
CTE mismatch between the AgNW/PDMS and PDMS layers.
In this study, the AgNW density was 0.5 mg/cm-2 (CTE of
AgNW/PDMS composite 1.9 · 10-4 K-1, according to Sup-
plementary Fig. S3); by contrast, CTE of PDMS is 3.1 · 10-4

K-1 (from Dow Product information sheet of SYLGARD 184).
The CTE of AgNW/PDMS composite as a function of the

AgNW density is shown in Supplementary Figure S3. We
define the two outward ribbons (thermally actuated) as the
active ribbons while the middle ribbon as the passive ribbon.

During Stage I of the actuation (Fig. 2affi, ffl), the passive
ribbon gradually buckles up along with the active ribbons.
Stage II (Fig. 2affl, �) starts when the temperature on the
active ribbons reaches the high transition temperature TH.
The stored strain energy triggers a sudden snap through (snap
forward) on the passive ribbon. In this stage, the curvature of the
passive ribbon snaps from negative (curve down) to positive
(curve up) and as a result the entire composite film flips abruptly.
Stage III (Fig. 2a�, Ð) starts when the power is turned off. The
temperature on the active ribbons gradually decreases, and
the two active ribbons bend back toward the negative direction.
The bending of the active ribbons again results in energy ac-
cumulation in the passive ribbon. Stage IV (Fig. 2aÐ–Þ) starts
when the temperature on active ribbons drops to the low tran-
sition temperature TL.

The second snap through (snap back) is triggered by the
stored strain energy, which brings the whole structure even-
tually back to its initial state.

Figure 2b–d shows the temperature of the active ribbon
and the curvature and bending speed of the passive ribbon
(with 2% offset), respectively, under five steady-state cycles
of power on and off (2 V). Temperature of the actuator was
measured from the top AgNW/PDMS composite layer. And
the curvature of the passive ribbon was measured using a
camera with high frame rate (240 fps). Figure 2c shows that
each cycle takes *1 s for both forward and backward actu-
ation. Of note is that the first cycle of heating up takes a bit
longer time (*2 s) since the active ribbons have to heat up
from room temperature (*23�C) to the first transition tem-
perature (*100�C) (Supplementary Fig. S4). In the follow-
ing cycles the time intervals are shortened by controlling the
maximum and minimum temperatures in each cycle.

The two transition temperatures TL (*76�C) and TH

(*88�C), as marked on Figure 2b, indicate the working
temperature range for both the snap-forward and snap-back
instabilities. In one actuation cycle, the two transition tem-
peratures TL and TH must be reached, which is dictated by the
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heat transfer characteristics of the bimorph structure. Within
this constraint, we can control the actuation frequency and
hence the actuation speed. In this work we chose 0.47 Hz
square wave for the power supply. Figure 2d shows the
bending speed of the actuator, which is calculated by taking
the derivative of recorded curvature of the middle ribbon.

We first studied the effect of offset ratio d. Figure 3a shows
the curvatures of the actuators with different d during one
cycle of power on and off (square wave). The inset photo-
graphs compare the optimal case (d = 2.75%) and the no-
offset case (d = 0%) side by side at three stages.

The curvature of 0% d starts with a linear increase (at the
speed of 4.1 cm-1/s) until it reaches saturation, then decreases
immediately (at the speed of 2.7 cm-1/s) when the power is
turned off. In this case, the bending performance is the same
as a previously reported work using AgNW/PDMS heater for
bimorph actuators10 because the effect of the passive ribbon
is negligible. The case of d = 1% shows a similar behavior.
For the cases with d = 2%, 2.5%, and 2.75%, the snap-forward

and snap-back processes are clearly manifested. In the case of
2.75%, the initial bending speed is 4.6 cm-1/s. Then the speed
slows down to almost zero as the strain energy is being
accumulated to overcome the negative curvature of the pas-
sive ribbon.

When the temperature rises to TH, the snap-forward triggered
bending speed increases to 17.3 cm-1/s, which is 4.2 times
that of the initial loading speed in the no-offset case. After
turning off the power, the snap-back bending speed reaches
28.7 cm-1/s, which is 10 times that of the unloading speed in the
no-offset case. Such a significant improvement in actuation
speed has not been reported for soft electrothermal actuators, to
the best of our knowledge. It can be seen that with larger offset
d, the preparation time for snap through is longer and the peak
loading and unloading speeds are larger. This is because of the
larger d, the larger the energy barrier to overcome, and the more
energy that is released. However, when d exceeds 3%, the en-
ergy barrier becomes insurmountable, and as a result, the ac-
tuator cannot go through the snap-through stage.

FIG. 2. Bending performance of the snap-
through enabled bimorph thermal actuator.
(a) Snapshots of the bimorph thermal actua-
tor within one actuation cycle. (b) Tempera-
ture and (c) curvature of the snap-through
enabled bimorph thermal actuator in five
stable cycles. (d) Bending speed of the snap-
through enabled bimorph thermal actuator.
Color images are available online.
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To optimize the design value of d, we carried out a coupled
thermomechanical FEA to simulate the actuation of the bi-
morph beams with the same initial curvature as that in exper-
iments using ABAQUS (version 2017). A perfect bonding is
assumed between the two constituent layers (AgNW/PDMS
and PDMS) of the bimorph. An offset displacement is applied
to the free end of the passive ribbon, while all fixed boundary
conditions are assigned to the free ends of the active ribbons. A
uniform body heat flux (1.38 · 109 W/m3) is applied through
the two active ribbons and the connecting part to simulate Joule
heating along the conducting path.

To quantitatively evaluate the snap-through behavior, the
maximum displacements of the free end of the actuator with
different offset ratios are plotted (Fig. 3b). FEA results show
that for successful snap through the applied offset ratio
should be between 1.2% and 2.75%, which agrees well with
experimental measurements.

In Figure 3c, we compare the peak bending speeds in our
work and those of the reported soft bimorph thermal actuators
with respect to the actuation frequency. The thermal actuators
were triggered by different stimuli such as pH,47 current ( Joule
heating),10,48–50 and light.51,52 These actuators typically showed
a linear relationship of curvature and time under constant
stimuli and had relatively low bending speed (0.006–
0.536 cm-1/s).10,47–52 By contrast, our actuator even without
introducing the snap-through mechanism (offset displacement)
is already among the fastest (4.1 cm-1/s). With the snap-through
design, the peak bending speed is further enhanced to be over
10 times faster, that is, 28.7 cm-1/s, which is over 50 times faster
than the highest reported in the literature (0.536 cm-1/s).52

The averaged bending speed within an actuation cycle is
also improved (5.11 cm-1/s for snap through and 4.35 cm-1/s
for snap back), compared with the case without snap-through
mechanism. In terms of actuation frequency, our actuator

yields stable performance at around 0.47 Hz, which is also
higher than all the reported results. Another advantage of our
soft actuator is the low operation voltage. The reported
electrically powered actuator generally required input volt-
age ranging from 4.5 to 30 V.10,48–50 Yet our actuator only
requires 2 V to achieve the high-speed actuation.

To provide further insight into the snap-through mecha-
nism, we conducted another FEA to examine the mechanical
response of the bimorph actuator (Supplementary Fig. S5).
All boundary conditions are similar to those in the previous
thermomechanical FEA. Offset displacement (d = 0% and
d = 2%) is applied to the free end of the passive ribbon (point
A in Supplementary Fig. S5). Then a displacement-controlled
loading condition in z-direction is assigned to the free end of
the passive ribbon (point B in Supplementary Fig. S5), and
the reaction force at the same point is calculated. The force-
displacement curve at point B and the corresponding snap-
shots capture the snap-through behavior. The force decrease
during the snap through reflects release of the strain energy in
the structure, which is a typical manifestation of the snap-
through instability.53

To harness the fast response of the bistable thermal bimorph
for potential applications, we first demonstrated an entirely soft
crawling robot with high locomotion speed. The soft crawling
robot is similar to the bimorph thermal actuator in structure but
with the addition of four extended limbs on the four ends of the
active ribbons. This limb design extends the front and back
ends of the soft robot, which amplifies the bending amplitude in
each actuation cycle and increases the crawling speed. A piece
of adhesive tape was used to secure the displaced passive rib-
bon (with offset ratio d) together with active ribbons. Figure 4a
schematically shows the actuation procedure where a square
waved voltage is supplied. The electrical power required for the
crawling robot is around 0.22–0.26 W.

FIG. 3. Experiment and finite element analysis on the design principle of offset ratio d. (a) Curvatures of the actuators with
different levels of offset displacement. The inset photographs are snapshots of two cases (d = 0% and 2.75%) at different time.
(b) FEA results of the maximum vertical displacement at the free end with different levels of offset ratio d. (c) Comparison of
peek bending speed between the snap-through enabled bimorph thermal actuator (our work) and other reported soft bimorph
thermal actuators under different stimuli. FEA, finite element analysis. Color images are available online.
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Since a constant voltage is applied, introducing the snap-
through mechanism actually reduces the power consumption
by reducing the time required for reaching the same degree of
bending curvature. When the power is on, the middle passive
ribbon goes through the bending and snap-through process as
described earlier and pushes the front limbs forward. When
the power is off, the passive ribbon snaps back and brings the
back limbs forward.

Of note is the friction difference between the front and
back limbs. Most existing crawling robots adopted special
asymmetrical designs either on the crawling feet or on the
ground to achieve unidirectional locomotion.10,54 In our case,
no asymmetric design on the feet is needed. The end with
adhesive tape bends less than the other end because the scotch
tape increases the bending stiffness (Fig. 4a). As a result, the
pointing angles of the front end and the back end against the
ground are different, leading to different levels of friction.
Figure 4b shows a series of snapshots that captured the
crawling motion within 14 s.

The actuation frequency is a key factor that determines the
actuation speed. In this study, we investigated the effect of the
actuation frequency on the crawling speed of the robot
(d = 2.75%) as shown in Figure 4c.

In addition, Figure 4c shows the enhancement in the lo-
comotion speed by introducing the offset displacement,
compared to the no-offset case. The maximum location speed
is achieved at the frequency between 0.47 and 0.52 Hz (de-
fined as critical frequency fc), which agrees well with the
aforementioned experimental and simulation results on the
bimorph thermal actuator. When the actuation frequency is
lower than fc, the time gap between the snap-forward and
snap-back instabilities is too long and hence the speed is not
fully exploited; when the actuation frequency is higher than
fc, the actuation time is not sufficient for the actuator to reach
the transition temperature TH and TL (i.e., overcome the en-
ergy barriers for the snap through). Within the critical fre-
quency range, the locomotion speed of the soft crawling robot
in this work reached 1.04 BL/s.

FIG. 4. Snap-through enabled high-speed crawling robot. (a) Schematic illustration of the locomotion. (b) Live snapshots
showing motion of a snap-through enabled crawling robot. (c) Comparison between two cases on the locomotion speeds
with respect to the actuation frequency. (d) Comparison on the locomotion speed and body mass between the high-speed
crawling robots (this work) and other reported soft locomotion robots (solid symbols for on-land robots and open symbol for
under-water robot). Color images are available online.
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For comparison, the crawling robots without offset yield a
locomotion speed range of 0.19–0.36 BL/s. In Figure 4d, we
compare our crawling robot with entirely soft robots (solid
symbols for on-land robots and open symbol for under-water
robot) in the literature in terms of locomotion speed and body
mass.13,26,27,55–59 Here an entirely soft robot is defined as
without rigid internal structures. It can be seen that our robot
is among the fastest of the entirely soft crawling robots. Of
note is that as shown in Figure 4d, the dielectric material
enabled crawling robot yielded the same level of locomotion
speed (1.03 BL/s) but the body mass was over 200 times that
of our robot. Not to mention that it required a very high
voltage (e.g., 3 kV),58 while our crawling robot requires only
2 V.

As the second demonstration, we developed a biomimetic
device that imitates a Venus flytrap. As shown in Figure 5a, a
semicircle shape with multiple pointy thorns is designed
imitating the lobes of a Venus flytrap. The three-ribbon
structure (with d = 2.75%) provides fast opening and closing
of the lobes. Figure 5b illustrates the measured opening gap
of the biomimetic flytrap as a function of time during one
cycle of actuation. The opening and closing each take *1 s
with the tip speed up to 24 mm/s, which is close to the speed
of a real Venus flytrap (0.5–1 s). Interestingly, the closing
process of our biomimetic flytrap follows the same process as
real Venus flytraps, that is, starting with a slow speed and
then suddenly speeding up.60 This snap-through structure
may provide insights to other high-performance biomimetic
designs.

Conclusions

In summary, this work reported a novel approach to in-
crease the speed of soft thermal actuators, which has been a
bottleneck limiting their application in fast soft robots. We
designed and fabricated the bimorph thermal actuator with
AgNW/PDMS composite film as the heating material and
exploited snap-through instability to significantly increase
the actuation speed.

The effect of BT doping in the AgNW/PDMS compos-
ite, offset displacement, and actuation frequency was
studied to improve the actuator performance. The snap-

through instability played a critical role in increasing the
actuation speed. The actuator yielded a bending speed as
high as 28.7 cm-1/s, 10 times that without the snap-through
instability and >50 times faster than the highest reported in
the literature. FEA was conducted to optimize the offset
ratio and provide further insight into the snap-through
mechanism.

Finally, we demonstrated the usability of the bimorph ther-
mal actuator with a fast-moving soft crawling robot (1.04 BL/s)
and a biomimetic Venus flytrap. This snap-through mechanism
reported in this work can be extended to increasing the speed of
other types of soft actuators and robots.

Associated Content

Supporting information

Additional figures included thermal conductivity of BT/
PDMS composite samples (Supplementary Fig. S1); tem-
perature cycle of the AgNW/PDMS composite film under
0.5, 1, 1.5, 2, and 2.2 V as a result of joule heating; temper-
ature cycle of the AgNW/PDMS composite film with and
without BT (80% weight ratio) doping under 2 V joule
heating (Supplementary Fig. S2); CTE of AgNW/PDMS
composites with different AgNW densities (Supplementary
Fig. S3); temperature and curvature of the snap-through en-
abled bimorph thermal actuator in six cycles (including the
first) (Supplementary Fig. S4); and FEA results of the force-
displacement curves at point B under a displacement-
controlled loading condition in z-direction for d = 0% and
2%. The inset snapshots are displacement contours of the
structure at different stages of the deformation for d = 0% and
2% (Supplementary Fig. S5).

Additional movies included comparison of the bending
motion between the bimorph thermal actuators with no-offset
and 2.75% offset (Supplementary Movie S1); top view of the
snap-through enabled high-speed crawling robot (Supple-
mentary Movie S2); tilted view of the snap-through enabled
high-speed crawling robot (Supplementary Movie S3);
comparison of the snap-through enabled crawling robots with
no-offset and 2.75% offset (Supplementary Movie S4); and
demonstration of the snap-through enabled biomimetic Ve-
nus flytrap (Supplementary Movie S5). (MP4).

FIG. 5. Snap-through enabled biomimetic Venus flytrap. (a) Schematic design of the snap-through enabled biomimetic
Venus flytrap. (b) Measured opening width of the biomimetic flytrap versus time with inset snapshots at different time.
Color images are available online.
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