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have developed machines capable of multi-
modal locomotion that are able to maneuver 
in unstructured environments for the 
application like search and rescue opera-
tion,[2] monitoring and defence.[3] Such 
multimodality is typically achieved through 
either i) shape morphing of the body,  
ii) gait change, or iii) using different mecha-
nisms of actuation or propulsion. A popular 
approach is to use distinct propulsive mech-
anisms that are specialized for locomotion 
within a corresponding environment (e.g., 
propeller for flying and swimming and a 
wheel for locomotion on land[4,5]). However, 
multiple propulsive mechanisms can com-
plicate design and add extra weight to such 
systems. Likewise, using a single propulsive 
mechanism capable of achieving distinct 
gaits and locomotion modes can simplify 
the design but often results in more limited 
mobility within certain environments.[6–8] 
A promising alternative is to utilize revers-
ible shape morphing of the body, so that a 
common set of actuators or robotic limbs 

can be re-oriented to perform new modes of ground contact or 
fluid-structure interactions (see Refs. [9–11] for examples).

Soft robots are especially well-suited for reversible shape 
change due to their mechanical deformability and morpholog-
ical response in response to controlled stimuli. Recently, Baines 
et  al. proposed a shape morphing limb that can transform 
between a flipper and a leg by taking advantage of stiffness 
tuning.[12] The limb is implemented on a turtle-inspired robot[6] 
to facilitate amphibious locomotion. Shah et  al. presented a 

Matching the rich multimodality of natural organisms, i.e., the ability to 
transition between crawling and swimming, walking and jumping, etc., repre-
sents a grand challenge in the fields of soft and bio-inspired robotics. Here, a 
multimodal soft robot locomotion using highly compact and dynamic bistable 
soft actuators is achieved. These actuators are composed of a prestretched 
membrane sandwiched between two 3D printed frames with embedded 
shape memory alloy (SMA) coils. The actuator can swiftly transform between 
two oppositely curved states and generate a force of 0.3 N through a snap-
through instability that is triggered after 0.2 s of electrical activation with 
an input power of 21.1 ± 0.32 W (i.e., electrical energy input of 4.22 ± 0.06 J. 
The consistency and robustness of the snap-through actuator response is 
experimentally validated through cyclical testing (580 cycles). The compact 
and fast-responding properties of the soft bistable actuator allow it to be used 
as an artificial muscle for shape-reconfigurable soft robots capable of multiple 
modes of SMA-powered locomotion. This is demonstrated by creating three 
soft robots, including a reconfigurable amphibious robot that can walk on 
land and swim in water, a jumping robot (multimodal crawler) that can crawl 
and jump, and a caterpillar-inspired rolling robot that can crawl and roll.
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1. Introduction

In order to survive in the natural world, many animals have 
evolved to perform more than one mode of locomotion. For 
instance, besides crawling, some caterpillars are capable of rap-
idly curling themselves and rolling away to evade predators.[1] 
Crocodiles can both run on land and swim in the water in order 
to hunt their prey. Geese are capable of both flying for migration 
and walking to lay eggs in a nest. Inspired by nature, roboticists 
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shape morphing robot that can switch between a crawling gait 
and a rolling gait to adapt to different environments through 
the actuation of both internal and external bladders.[13] Although 
the transformation process is expensive in both energy (72 W) 
and time (16 min)[12] or relies on external bulky hardware,[13] 
these two studies provide a promising approach for designing 
robots that are capable of multi-modal locomotion through the 
use of reversible shape change.

Soft actuators capable of bistable configurations represent 
a promising solution to overcome the existing challenges with 
shape-reconfigurable soft robotic systems. Such actuators can 
take advantage of snap-through instabilities to achieve fast and 
reversible shape change through short impulses of stimulation. 
Moreover, they can maintain different stable shapes without con-
tinuously consuming energy.[14,15] In recent years, bistability has 
been exploited to create soft actuators for high-speed locomotion 
of soft robots,[16–18] fast grasping of soft grippers,[19–22] control 
of soft valves,[23–25] and construction of 3D reconfigurable elec-
tronics.[26,27] However, the potential benefit of using bistability to 
facilitate multi-modal and amphibious locomotion remains unex-
plored. Additionally, the majority of the aforementioned soft actu-
ators still require relatively bulky hardware for power and control.

Here, we present a highly dynamic and compact soft actuator 
that uses a snap-through instability to swiftly switch between two 
oppositely curved states (Figure 1A–C). The bistable actuator is 
powered through thermal activation of embedded shape memory 
alloy (SMA) coils and is capable of achieving a snap-through 
transition within 0.2 and 0.3 s in air and water, respectively, when 
powered at 11.1 V (DC Power Supply, Eventek or battery). SMA 

is adopted here due to its fast response, high mass-to-weight 
ratio, and compatibility with small and lightweight electronics 
for power and control.[28–30] By harnessing the fast and reversible 
response that is achieved through snap-through instability, a pair 
of bistable soft actuators are implemented on an amphibious 
robot that is capable of rapid transitions between a swimming-
favored state and a walking-favored state (Figure  1D). Inspired 
by the caterpillar, we also demonstrate that multiple bistable 
actuators can connected in series to create a soft robot that is 
capable of adapting to various ground terrain by swiftly transi-
tioning between a crawling gait and a rolling gait (Figure  1E). 
Moreover, we perform a series of experimental measurements 
to characterize the bending response, blocking force, and cyclical 
repeatibility of the actuator. In addition, we develop an experi-
mentally-validated analytic model and numerical simulation 
to examine the design principles of the actuator. These experi-
mental and theoretical studies provide a framework for under-
standing the mechanics of the snap-through instability and the 
influence of design parameters on actuator performance.

2. Results

2.1. Design Overview

The bistable actuator is composed of two 3D printed elastomeric 
frames (epoxy aliphatic acrylate-polyurethane acrylate based 
elastomer) with embedded shape memory alloy coils (Dynalloy, 
wire diameter = 0.203 mm, outer diameter = 1.37 mm; Austenite 

Figure 1. A) Schematic view of bistable actuator, B) Transition of bistable actuator from State I to State II and vice-versa with respect to free energy, C) 
Picture of bistable actuator triggered from state I to state II, Schematic (Rendering image) of reconfigurable multimodal and amphibious soft robots: 
D) a Amphibious bot and E) a Caterpillar-inspired robot.

Adv. Mater. Technol. 2023, 8, 2201259
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finish temperature = 90 °C) and a prestretched membrane 
(4905 VHB tape, 3M) sandwiched between them. Frames are 
designed with ridges and holes to reduce their bending stiffness 
(Figure 1A). The actuator has two oppositely curved stable states 
(State I and II) as shown in Figure 1B. The natural curvature is 
generated from the prestretched membrane, which contributes 
to an internal residual stress and a double-well elastic potential 
energy profile. Details of the fabrication can be found in Experi-
mental Section and Figure S1 (Supporting Information).

The actuator can swiftly tranform from one state to the other 
by activating the embedded SMA coil on the opposite side 
(Figure  1B,C; Movie S1, Supporting Information). For example, 
as the actuator I (A1) is activated (depicted by red arrows), con-
traction causes the structure to bend from State I toward State 
II. Once the input energy surpasses the local maximum potential 
energy of the structure, the structure snaps through the unstable 
state and bends downward. The actuator stays in State II even 
after the energy input is removed. Similarly, the actuator can 
swiftly transform back to State I by activating actuator II (A2) 
(again by a snap-through instability) after a cooling period of 
10 s. We also perform a maximum frequency test under which 
the bistable actuator transforms swiftly at 1 Hz under a condition 
without exterior loading (ta = 0.1 s and tc = 0.9 s) for 100 times 
actuation or 50 cycles (Movie S2, Supporting information).

2.2. Membrane Prestretch

To use the bistable actuator for transition between different loco-
motion modalities, the actuator needs to meet certain design 

and performance requirements. We start by investigating the 
influence of prestretch of the elastic membrane on the natural 
curvature of the actuator. The natural curvature is determined 
by assuming constant curvature along the 3D printed elasto-
meric frame and fitting the shape of the frame to a circular arc.

Three bistable actuators are fabricated at each prestretch (λp) 
of the elastic membrane ranging from 1.0 to 3.0. After fabri-
cating the actuators (Figure S1, Supporting Information), they 
are activated five consecutive times to remove the Mullin’s 
effect associated with the elastic membrane and left unactivated 
for 5 min. Then, the curvature is measured for all actuators.
Figure 2A shows the curvature as a function of the prestretch 

of the elastic membrane. It is observed that the natural curva-
ture increases from 0.002 mm−1 to 0.060 mm−1 as the prestretch 
increases from 1.0 to 3.0. This results from the increasing elastic 
forces exerted by the elastic membrane with higher prestretch.

In the next subsections, we examine the influence of mem-
brane prestretch on the geometric and blocking force properties 
of the actuators. This is accomplished through experimental 
characterization as well as analytic model and numerical simu-
lation of the bistable actuators.

2.3. Analytic Model

We develop an analytic model based on the principle of min-
imum potential energy in order to better understand the under-
lying principle behind this bistable behavior. When there is 
no input voltage on the SMA, the total potential energy of the 
system (Utotal) can be considered as the sum of the potential 

Figure 2. Characterization of the bistable actuator. A) Initial curavture for experimental and analytic model, B) Transition force (inset shows setup for 
transition force), C) Active force under different activation time from 50 to 300 ms as electrical input and D) Blocking force for bistable actuator on 
each state with different prestretch (λp) ranging from 2.4 to 3.0, E) A bistable actuator hits the ping pong ball with (i) 1.0 and (ii) 2.8 prestretch and 
F) Velocity change for bistable actuator (with prestretch (λp) = 2.8) and ping-pong ball.

Adv. Mater. Technol. 2023, 8, 2201259
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energy of the prestretched membrane (Umembrane) and the 
frame (Uframe):

( , ) ( , ) ( )total membrane frameU U Up pθ λ θ λ θ= +  (1)

where λp is the prestretch of the membrane and θ is the 
bending angle of the bistable actuator. When the entire struc-
ture bends, Uframe will increase while Umembrane will decrease. 
Due to the competition between these two contributions to 
potential energy, it is possible to reach an equilibrium point 
that minimizes Utotal. For a prescribed initial prestretch (λp), 
this corresponds to the condition

0totalU

θ
∂

∂
=

 
(2)

The result of this analytic model is shown as the black solid 
line in Figure  2A, which exhibits good agreement with the 
experimental data on the stable state curvature of the bistable 
actuator. It should be noted that this is just one version of 
our analytic model that is based on the Yeoh hyperelastic 
model. We also adopt other hyperelastic models such as 
the Ogden and Mooney–Rivlin models, both of which also 
show reasonable agreement with the experimental data. 
Details of the derivation of the analytic model are included 
in the Supporting Information (Figures S2–S4, Supporting 
Information).

2.4. Numerical Simulation

Apart from the analytic model, which provides a macroscale 
understanding of the bending deformation, we also investigate 
numerical simulation to better study the internal mechanics of 
the bistable actuator (i.e., local stress and strain). By adopting the 
finite element method (FEM) simulation using ABAQUS (SIM-
ULIA, Dassault Systémes), we capture the formation process 
of the stable state after releasing the actuator from prestretch 
(Movie S3, Supporting Information). Additionally, the simula-
tion provides a detailed understanding of the actual shape of 
the actuator (see Figure S5A,C,E,G, Supporting Information) as 
well as the internal stress (see Figure  S5B,D,F,H,  Supporting 
Information) under various values of prestretch λp, respec-
tively. By observing the local stress distribution, we notice that 
the stress on the membrane will concentrate more on its two 
ends under large prestretch, especially the four edges, which 
matches the major yielding position of the real actuator. A 
more detailed description of this numerical simulation can be 
seen in the Supporting Information.

2.5. Force Characterization

After investigating the influence of prestretch of the elastic 
membrane on the geometry of the actuator, we study its influ-
ence on force properties. Bistable actuators with prestretch <2.0 
are not considered for the force measurements because they 
have very small curvature as observed by experimental and 

analytic studies. Also, analytic studies predicted no curvature 
with prestretch <1.9 (Figure  2A). First, we measure the “tran-
sition forces”—i.e., the mechanical force required to change 
from state I to state II and vice versa—required to surmount 
the energy barrier between the bistable states (without electrical 
input). This involves applying compression at 10 mm min-1 
using a mechanical testing machine (Instron 5969) with 10 N 
load cell (inset Figure 2B; Figure S7A, Supporting Information). 
This is used to infer the maximum loading capability opposite 
to the bending direction of the bistable actuator while main-
taining a steady state, which is important in the design of mul-
timodal soft robots. There is an approximately fourfold increase 
in the transition force (from 0.27 to 0.94 N) as the prestretch 
increases from 2.0 to 2.8 (Figure 2B). The transition forces for 
prestretch (λp) of 2.6 and 2.8 are in similar range as shown in 
Figure 2B.

Next, we investigate the influence of membrane prestretch 
and operational conditions on the actuator’s blocking force. The 
objective of the experiment is to infer how much payload the 
actuator can lift and flip to the other side. This is an impor-
tant metric in designing soft robots with this bistable actuator. 
Such force is measured as a function of the membrane pre-
stretch (λp) and operation parameters (i.e., voltage and activa-
tion time). We have limited the prestrech to the range of 2.4 to 
2.8 for the blocking force measurements in order to provide the 
force and natural curvature that are appropriate for the robotic 
applications shown in Figure 1. Based on the results from pre-
liminary experiments, actuators fabricated with a prestretch 
below 2.4 have small natural curvature and passive forces that 
are inadequate for robotics applications. Likewise, actuators 
fabricated with a prestretch of over 2.8 have a relatively high 
snap-through energy barrier and cannot transition to the other 
state when powered by a miniaturized LiPo battery (11.1 V). 
As shown in Figure S7B, the bistable actuator is fixed on a 3D 
printed jig and the distance between the actuator and the force 
plate is adjusted to make them just in contact. The force plate is 
fixed on a load cell (10 N) connected to the mechanical testing 
machine (Instron 5969) and the blocking force is registered as 
the actuator is activated at 11.1 V.

The bistable actuators fabricated with a pre-stretch of 2.4, 
2.6, 2.8, and 3.0 are activated at 11.1 V for 50–300 ms at an 
interval of 50 ms, respectively. As shown in Figure  2C, there 
is a ninefold increase in blocking force (from 0.04 to 0.36 N) 
for actuators with a prestretch of 2.4, as the activation time is 
increased from 50 ms to 300 ms. The blocking force for the 
actuators with a prestrech of 2.6 and 2.8 is increased from ≈0.04 
to ≈0.16 N and ≈0.04 to ≈0.11 N, respectively. With longer activa-
tion time, more of the Martensite phase within the SMA coil 
is transformed to the Austenite phase, leading to an increased 
contraction force. Since the force plate blocks the deformation 
of the actuator, the increased contraction force from the SMA 
coil results in an increased blocking force.

Figure 2D shows the blocking force of the bistable actuators 
activated under 11.1 V for 200 ms at both state I and II. As pre-
stretch increases from 2.4 to 3.0, the antagonistic elastic forces 
from the elastic membrane are significantly increased and thus 
the blocking forces decrease from 0.18 to 0.08 N and 0.42 to 
0.09 N at state I and state II, respectively. For the prestrech of 
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2.8 and 3.0, the forces generated at both states are similar and 
thus are ideal for the implementation of bistable actuators on 
multimodal soft robots. For a pre-stretch of 3.0, the forces are 
<0.1 N whereas for 2.8, the forces are ≈0.25–0.3 N.

2.6. Energy Characterization

To evaluate the ability of the actuator to perform mechanical 
work, a pendulum setup is used to estimate energy output. 
A ping-pong ball weighting ≈2.9 g is suspended from a wire 
(32 AWG, Magnet wire, Arcor). A bistable actuator with mem-
brane prestretches of 1.0 and 2.8 are tested (Figure 2E; Movie S4,  
Supporting Information). Both bistable actuators are activated 
for 0.2 s at 11.1 V and measurements are performed to deter-
mine the corresponding velocity along x-axis, displacement 
along y-axis, and contact time. The displacement along the 
y-axis is 20.1 ± 3.0 mm (ΔH1) and 26.2 ± 3.2 mm (ΔH2), respec-
tively, and thus the increase in ping-pong ball’s gravitational 
potential energy is 0.57 ± 0.08 mJ and 0.75 ± 0.09 mJ, respec-
tively, which corresponds to 30.9 ± 4.6% increase in poten-
tial energy transferred to the pendulum when increasing the 
membrane prestretch from 1.0 to 2.8. In contrast, increasing 
membrane prestretch decreases the duration of impact, 
with 67.1 ± 1.2 and 39.8 ± 4.6 ms contact times measured for  
λp  = 1.0 and 2.8, respectively (Figure  2F; Figure  S8A, Sup-
porting Information). These experiments suggest that bistable 
actuators with 2.8 prestretch can generate larger displacements 
with lower contact time than the one with 1.0 prestretch, while 
the systems’s input energy remains the same (Figure S8B, Sup-
porting Information).

2.7. Cyclical Activation and Impact

To evaluate the response of the actuator to cyclical testing 
and impact, we limit our study to actuators with a membrane 
prestretch of 2.8. This value is chosen since these actuators 
exhibit the greatest force output and range of motion while 
also being responsive to electrical stimulation from an 11.1 V 
power source.

For the cyclical testing, the actuator is activated under 11.1 V 
with an activation time of 200 ms and a following cooling time 
of 30 s using the same experimental setup for 580 cycles 
(Figure  S7B, Supporting information). The blocking force is 
about 0.15 N for initial cycles and then drops to 0.12 N after 
125 cycles (Figure 3A). The force for the remaining cycles in the 
test are almost constant. Along with the fatigue test, cyclic acti-
vation test is performed for the curvature analysis. It is observed 
that the curvature remains constant even after 350 cycles on 
both states as seen in Figure 3B.

To test the robustness of the actuator, a rider (95.1 Kg) rides 
a bicycle (Huffy highland mountain bike, 16.0 Kg) over the 
bistable actuator causing it to be struck twice, i.e., once by front 
wheel and second time by rear wheel, respectively (Figure 3C; 
Movie S5, Supporting Information), After the strikes, the actu-
ator is activated on both sides at an input of 11.1 V (ta = 200 ms 
and tc = 10 s) and is able to transform swiftly between two states 
(Figure  3C; Movie S5, Supporting Information). We also per-
formed the compression test on the bistable actuator under dif-
ferent strain ranging from 70 to 90% using 50 kN load cell at 
10 mm min−1 strain rate (Figure S9, Supporting Information). 
The actuator survives after 70 and 80% compression, corre-
sponding to a compression load of 61 and 388 N. After 90% 

Figure 3. Cyclical activation and impact. A) Fatigue test, B) Cyclic curvature analysis and C) Robustness test of bistable actuator is performed by driving 
a bicycle over it followed by actuation in both the states (ta = 200 ms and tc = 10 s) for bistable actuator with prestretch (λp) of 2.8.

Adv. Mater. Technol. 2023, 8, 2201259
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compression strain, corresponding to a compression load of 
1039 N, the actuator can only undergo a few actuation cycles 
until one of the SMA springs pops out due to polymer failure 
(Movie S6, supporting information). This suggests that the 
bistable actuator is mechanically robust and can resist high 
dynamic loading and impact.

2.8. Multimodal Soft Robot Locomotion

This highly dynamic and compact bistable soft actuator is par-
ticularly enabling for fast actuation and multimodal locomotion 

for soft robots at centimeter scale. We demonstrate this by cre-
ating three shape-reconfigurable soft robots that are composed 
of the bistable actuators for actuation and transition between 
different modes of locomotion, including an amphibious soft 
robot and two multimodal soft robots.

2.8.1. An Amphibious Robot

Referring to Figure 1D and Figure 4A, the amphibious robot is 
composed of two bistable actuators with λP = 2.8 prestretch con-
nected by two 3D printed C-shape connectors (PLA) and four 

Figure 4. Reconfigurable amphibious and multimodal soft robots. A) An amphibious robot (i) reconfigure from swim mode to walk mode, (ii–v) walks 
toward the water reservoir along with dropping into it, (vi) reconfigures from walk mode to swim mode in water and (vii,viii) swims toward other side 
of reservoir (toward shore), B) A multimodal crawler (i–iii) crawls toward the cliff and (iv,v) jumping across the cliff followed by reconfiguration to crawl 
mode, and C) A caterpillar-inspired soft robot (i–v) shows crawling mode and (vi–x) rolling mode.

Adv. Mater. Technol. 2023, 8, 2201259
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SMA-driven soft limbs.[31] The details of fabrication are included 
in the Supplementary Information. As the name suggests, the 
robot is capable of both crawling on land and swimming in 
water (Figure  1D). We use the bistable actuators as bridges to 
connect two pairs of SMA-driven soft limbs and take advantage 
of their bistability to transform between a quadruped crawler 
and a frog-like swimmer. Figure  4A(i) shows the swimmer-to-
crawler transformation process of the amphibious robot on 
land. Both bistable actuators are curved upward in the swim-
ming mode configuration. To transform to a crawler, the SMA 
coils in the lower frames (A1) of both bistable actuators are acti-
vated at 11.1 V for 200 ms. After the swimmer-to-crawler transi-
tion, the SMA-driven soft limbs of the robot are activated in a 
symmetric pattern[32] at 13.1 V (ta= 200 ms and tc = 2 s) to drive 
the robot approaching the pool (Figure 4A(ii,iii)). The robot 
continues to crawl until it falls into the pool (Figure  4A(iv,v)). 
Then we transform the robot from a crawler to a swimmer by 
activating the SMA coils in the top frame (A2) of both bistable 
actuators (Figure  4A(v)). Due to the buoyancy created by the 
foam, the robot makes a 180º flip (Figure  4A(vi)). Finally, the 
SMA limbs are activated in series with an activation time of  
300 ms (ta  = 300 ms) and a subsequent cooling time of 1s  
(tc = 1 s). This causes the robot to swim to the other side of the 
pool as demonstrated in Figure 4A(vii,viii) and Movie S7, Sup-
porting Information. The amphibious robot travels in walking 
mode at 0.07 BL s−1 and in swimming mode at 0.06 BL s−1. The 
control signal used for amphibious locomotion is shown in 
Figure S10 (Supporting Information).

2.8.2. A Multimodal Crawler

The second demonstration involves the use of a single bistable 
actuator fabricated with λP  = 2.8 prestretch as both a crawler 
and a jumper. A gap in the ground terrain was created using two 
blocks separated by a distance of 12 mm (Figure 4B). As shown 
in Figure  4B, the robot crawls down the slope at 0.01 BL s−1  
toward the gap by cyclically driving the SMA coil in the lower 
frame under 8.5 V (ta = 200 ms and tc = 10 s). The robot then 
falls into the gap with the same gait (Figure S11 and Movie S8, 
Supporting Information). To navigate the robot through the 
gap, we take advantage of the large energy change in the fast 
snap through activation process resulting in a jumping locomo-
tion. As the robot approaches the gap, we enable the jumping 
locomotion by activating the SMA coil in the top frame of the 
actuator (A2, ta = 200 ms and tc = 10 s) at 13.5 V (Figure 4B(iv,v) 
and Movie S8, Supporting Information). By activating the SMA 
coil in the lower frame of the actuator A1, the robot can trans-
form back to the crawler mode (Figure  4B(vi)) and continue 
crawling. The control signal used for multimodal crawler is 
shown in Figure S12 (Supporting Information).

2.8.3. A Reconfigurable Caterpillar-Inspired Robot

Lastly, we demonstrate a reconfigurable robot inspired by cat-
erpillers that is capable of both crawling with a sinusoidal wave 
gait and curling its body to swiftly roll away. The robot is com-
posed of three bistable actuators connected in series by two 

3D printed connectors (epoxy aliphatic acrylate and urethane 
acrylated based elastomer) and two 3D printed (polylatic acid, 
PLA) beams attached at both ends of the robot to keep balance 
(see Figure  1E and Figure  4C). The robot can crawl on a flat 
surface by cyclically actuating the middle and front bistable 
actuators. The robot starts in an arc shape (Figure  4C(i)) and 
changes to a sinusoidal configuration (Figure  4C(ii)) by actu-
ating the top frame of the middle actuator. It changes back to 
the arc shape by actuating the bottom frame of the middle actu-
ator followed by front bistable actuator in outward and inwards 
direction. This results in the displacement of the crawling 
mode (Fig  4C(i–v)). This cycle is repeated, enabling the 
crawler to approach a declined portion of the ground terrain at  
0.08 BL s−1 (Figure  4(vi)). To swiftly and efficiently navigate 
down the decline, we activate the SMA coil in the bottom frame 
of the middle actuator at 13.1 V for 200 ms. This causes the 
robot to curl into a closed arc and roll down the decline at  
1.33 BL s−1 (Figure 4C(vi–x); Movie S9, Supporting Information). 
The control signal used for a reconfigurable caterpillar-inspired 
robot is shown in Figure S13 (Supporting Information).

3. Discussion and Conclusion

In this study, we develop a highly dynamic, robust, bistable 
soft actuator by sandwiching a prestreched elastic membrane 
between two 3D printed rectangular soft frames that are 
embedded with a pair of SMA coils. By taking advantage of both 
the bistability associated with the design and the fast response 
of the SMA, the actuator can reversibly transition between two 
oppositely curled configurations within 0.2 s when powered 
at 11.1 V. The observed maximum frequency of the actuator is  
1 Hz (ta = 0.1 s and tc = 0.9 s) when no exterior loading is applied. 
In the experimental characterization and applications, we use 
longer ta and tc (i.e., ta = 0.2 s and tc = 10 s) to guarantee reli-
able actuation as well as consistent performance. Furthermore, 
the actuator is energetically stable at each state and can resist a 
maximum loading of 0.94 N without consuming energy (in the 
case of actuators with a membrane prestretch of 2.6 and 2.8).  
Lastly, the actuator exhibits a consistent response over repeated 
activation cycles and remains functional after high load impact 
from a bicycle.

The experimentally-observed actuator response is explained 
using a theoretical analysis based on the principle of minimum 
potential energy. The energy analysis accounts for the elastic 
strain energy of the prestretched membrane and the energy 
associated with the 3D printed frames. The model suggests a 
double-well potential energy profile that is consistent with the 
snap-through instability and bistable behavior that is empiri-
cally observed. Moreover, comparing predictions for the actu-
ator bending curvature as a function of the membrane pre-
stretch λp shows reasonable agreement between theory and 
experiment for a variety of hyperelastic constitutive models.

We show that the bistable actuator demonstrated here can be 
used to create shape-reconfigurable soft robots capable of mul-
timodal locomotion. Specifically, we incorporate the actuators 
into an amphibious soft quadruped, a multimodal soft crawler, 
and a reconfigurable caterpillar-inspired soft robot. For these 
applications, the soft bistable actuator exhibits the following 
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enabling properties: i) relatively low requirement on power 
and control electronics; ii) ability to maintain various stable 
shapes without the need for continuous energy consumption; 
iii) rapid actuation for swift transition between different modes 
of locomotion. In contrast, past approaches that utilize thermal 
stiffness-tuning systems for mode transitions of amphibious 
robots require high energy consumption and have low shape 
morphing speed.[12] Compared to other soft bistable actuators, 
methods that utilize pneumatic-driven mechanisms[16,19,20,23] 
and dielectric elastomer[24] require bulky hardware for power 
and control. While untethered, soft bistable actuators that rely 
on the ambient environment (e.g., solvent[26] and temperature 
change[17]) for bistable actuation have limited applications. 
Compared with the SMA flexible bistable actuator presented 
in [18], the SMA soft bistable actuator in this work reduces 
the activation time and energy consumption by 90% (from 2 to 
0.2  s) and 83.2% (from 25 to 4.2 J), respectively and improves 
the maximum activation frequency by 450% (from 0.182 to 1 Hz) 
(Table 1). Although the SMA flexible bistable actuator presented 
in [33] can generate larger force (3 N), this work improves the 
maximum activation frequency by 1105% (from 0.083 to 1 Hz) 
and 1654% (from 0.057 to 1 Hz), reduces energy consumption 
by 66.1% (from 12.4 to 4.2 J) and 91.3% (from 48 to 4.2 J), and 
reduces the activation time by 95.6% (from 4.5 to 0.2s) and 97.3% 
(from 7.5 to 0.2 s) when transformed from state I to state II and 
vice versa. (Table 1) Furthermore, the compactness, compliance, 
and robustness of the actuator are significantly improved by 
incorporating 3D printed frames (See Table 1).

The experimental characterization and robot demonstrations 
highlight the fast response, high force, light weight, compact-
ness, and robustness of this SMA-driven bistable soft actua-
tors. The bistable actuators consume more energy for periodic 
motions. However, the bistable actuation can also lead to faster 
response and higher force output that benefits fast periodic 
locomotion, as demonstrated by Tang et al.[16]

Beyond mobile soft robots, we foresee the potential applica-
tion of this class of bistable soft actuators to other domains like 
wearable robotics, haptics, and shape-reconfigurable apertures 
for dynamically tunable communication. However, further 
studies will be required to investigate how the design princi-
ples explored here can be adapted for these applications. Of 
particular importance will be the regulation of heat for more 
rapid cooling of SMA coils and safe interaction with human 
skin and tissue.

4. Experimental Section
Fabrication of Bistable Actuator: A schematic of the fabrication process 

for bistables actuator is shown in Figure S1 (Supporting Information) and 
details are discussed below. First, 3D printed elastomeric hollow frames 
using a Digital light processing (DLP) based 3D printer (Asiga Pico2 HD) 
were used. The elastomeric resin used to print these frames comprised 
of epoxy aliphatic acrylate (49.02 wt.%), urethane acrylate (49.02 wt.%), 
and TPO (1.96 wt.%, Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, 
Genocure TPO, RAHN USA Corp.) as photo initiator.[34,35] The printer is a 
top-down DLP system with a digital mirror device (DMD) and a UV–LED 
light source operating at 385 nm. The printer was maintained at 40 °C 
during printing and each layer was irradiated for 0.5 s and layer thickness 
was 100 µm. The detailed printing parameters are included Table S3 
(Supporting Information). The printed structures were sonicated with Ta
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isopropyl alcohol (IPA) for 3 min to remove uncured resin followed 
by a 6 min post curing in a UV oven (UVP CL-1000 UV Oven). SMA 
coils (Flexinol spring, 30 coils, 0.203 mm diameter, Dynalloy Inc.) were 
stretched to four times the original length, inserted in the 3D hollow 
frames (Figure  S1B, Supporting Information) and connected with the 
flexible wire. The end of wires were secured at one place using urethane 
adhesive (Ure-Bond II, Smooth-On). The VHB tape (4905, 3 M) was cut 
into rectangular sheets with a dimension of 55 mm × 90 mm × 0.5 mm  
using a CO2 laser cutting system (30 W VLS 3.50; Universal Laser 
Systems). These sheets were prestretched from 1.0 to 3.0 using a linear 
stretcher (A150602-S1.5, Velmex) for ten times to remove any residual 
stresses or inelasticity associated with the Mullin’s effect. The two 
elastomeric frames with embedded SMA springs were placed on the 
center of pre-stretched VHB tape on the top and bottom (Figure  S1C, 
Supporting Information). This sandwich device was left 20 min for good 
bonding. The excess of the VHB tape was cut out along the outline 
of the 3D printed frames with embedded SMA with a pair of scissors 
(Figure S1D,E, Supporting Information).

Amphibious Robot: Two bistable actuators with 2.8 prestretch (λp) 
were used to fabricate the amphibious robot. They were connected in 
parallel using a 3D printed connector (PLA, Ultimaker S5) as shown in 
Figure 1D. The limbs were connected to the frames using velcro.

The limbs for the amphibious robot were fabricated using a method 
previously reported by Huang et  al.[31] Two rectangular sheets of 
thermally conductive elastomer (dimensions: 55 mm× 22 mm × 0.5 mm  
and 70 mm× 37 mm× 0.5 mm H48-2, T-Global) were cut using a 
CO2 laser cutting system (30W VLS 3.50; Universal Laser Systems). 
Next, a U shaped SMA wire (0.3 mm in diameter; resistance of  
12.2 Ω m−1, Dynalloy) was bend using a pliers with a dimension of  
55 mm × 13 mm. The small rectangular thermal tape was coated with 
0.2 mm-thick silicone elastomer. It was half cured at 50 °C for 7 min. 
U-shaped NiTi was placed on the smaller thermal tape with half cured 
silicone elastomer and another 0.4 mm-thick of uncured elastomer is 
applied over it and half-cured at 50 °C for 7 min. The larger thermal 
tape was stretched 60% strain for 10 times to remove any residual 
stresses or inelasticity associated with the Mullin’s effect using a a 
linear stretcher (A150602-S1.5, Velmex). After applying 0.1 mm-thick 
uncured silicone elastomer on the larger prestretched thermal tape, the 
small thermal tape with half cured elastomer were clamped together 
using binder clips and placed in an oven at 50 °C for 10 min to fully 
cure it. A pair of scissors were used to cut along the line of the smaller 
thermal tape.

Multimodal Crawler: For the multimodal crawler, a single bistable 
actuator was used. For crawling motion, the lower frame (actuator A1) is 
activated at 8.5 V (ta = 200 ms and tc = 10 s). For jumping, the top frame 
(actuator A2) is activated at 13.5 V (ta = 200 ms and tc = 10 s).

Caterpillar-Inspired Soft Robot: Three bistable actuators were 
connected with 3D printed connector in the form of sinusoidal wave 
as seen in Figure  1E using Superglue (Loctite). Two PLA strips were 
attached to the end of the rolling bot. The dimension of the 3D printed 
(Ultimaker S5) strips were 5.75 mm × 145 mm. The angle for the slope is 
≈27.85° to demonstrate the rolling motion.

Characterization: The natural curvature of the actuator (κn) was 
determined by assuming constant curvature and fitting the actuator 
shape to a circular arc as reported by [36, 37]. Rhino with the Grasshopper 
plugin as the computer-aided design software interface was used. Prior 
to this measurement, actuators were activated three consecutive times 
to eliminate any residual inelasticity associated with a “Mullins effect”. 
Following each actuation signal for an activation time ta  = 0.2 s, the 
actuator remained unpowered for a cooling time tc = 10 s during each 
cycle and was left for 5 min at room temperature before measurement.

Blocking force and fatigue tests were performed on an Instron 5969 
Universal Testing Machine (10 N Load cell). For blocking force tests, 
a force plate was place above the bistable actuator to prevent motion 
as seen Figure  S7B, Supporting Information. The actuator was then 
activated for various levels of the input, i.e., activation time, which is 
proportional to the total energy delivered. The cooling time (tc) for the 
blocking force and fatigue test is 10 and 30 s, respectively.

Fatigue testing was performed using an almost identical physical 
setup to blocking force testing. The actuator was periodically activated 
with a 200 ms pulse every 30 s (i.e., cooling time tc  = 30 s) for over 
600 cycles. These activation parameters were set to ensure that the 
actuator could fully cool before an additional actuation cycle to prevent 
thermal buildup.

Mechanical work using simple pendulum setup: A high-speed camera 
(Nova, Photron) at 5000 fps was used for this test. Video analysis was 
done using a tracking software (Image Systems, TEMA).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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