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Text 

1. Equilibrium Bending Angle of the Bistable Hybrid Soft Bending Actuator (BH-SBA) 

After the spring pre-tension release, the BH-SBA reaches the equilibrium with a bending angle of 

θ = ± θeq, which has a local minimum potential energy Ueq. The equilibrium bending angle θeq can 

be obtained by minimizing the total potential energy of the bistable actuator system Utotal. We 

have  

total actuator springU U U                                                                                                                  (S-1) 

where Uactuator is the strain energy in the soft bending actuator and Uspring is the potential energy in 

the spring as below  
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where the first and second term represents the bending energy and stretching energy in the soft 

bending actuator, respectively, and the third term represents the potential energy of the spring at 

rest state. Here we assume free rotation of the center joint in the rigid spine and uniform curvature 

in soft actuators. L is the length of the spine, V is the volume of the soft actuator, and L1 denotes 

the distance between the anchored points of the spring. k is the stiffness of the spring. ∆xI 

represents the spring extension at unstable planar state (State I). EI is the bending stiffness of the 

soft bending actuator with E being Young’s modulus of constituent soft material (Ecoflex) and I 

being the moment of inertia.  2 tan 2 L   is the approximate curvature in the bent soft 

actuator determined by the bistable mechanism.  1 2 tan( 2)     is the approximate strain in 

the soft actuator. L1 denotes the distance between the anchored points of the spring. Detailed 

geometry and material property can be found in Fig. S1 and Table. S1.  

It should be noted that this model is simplified through homogenization without considering its 

pneumatic channels. We also assume the idealized linear elastic materials behavior in the 

homogenized continuous layer despite the nonlinear deformation in the elastomer.  

θeq will be obtained by minimizing the total potential energy, i.e.  

 0totaldU

d
                                                                                                                                   (S-3) 

The data on the predicted value of θeq in Fig. 2B is obtained by numerically solving Eq. (S-3).    

                                                                                     

2. Energy Barrier of the BH-SBA 



With Eq. (S-2), the energy barrier ΔE between the unstable state and the equilibrium states can be 

obtained as: 
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To enable energy saving through snap-through bistability, the energy barrier ∆E of the bistable 

actuator must satisfy: 

,input actuator IIE E U                                                                                                                    (S-5) 

where inputE  is the energy consumption of the system and ,actuator IIU  is the strain energy of the soft 

actuators at rest states (or at stopping angle). This equation can be easily simplified as: 
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θs is the stop angle. ,actuator IIU   can be approximately obtained as: 
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where  2 tan 2l L   is the approximate curvature in the soft actuator. 

 1 2 tan( 2)s s     is the approximate strain in the soft actuator.   

From Eq. (S-5), we see that when the spring stiffness or extension is relatively small, the bistable 

hybrid actuator costs less energy than its soft counterparts to achieve the same bending angle. 

When the spring stiffness or pretension is set to be too large, it will readily satisfy Eq. (S-5). In 

this case, the bistable actuator will require more energy input than its soft counterpart to achieve 

the same bending angle. However, the benefit of the bistable actuator with a high-stiffness spring 

is that it yields a much higher force output than the entirely soft actuator. Therefore, a trade-off in 

selecting spring stiffness should be considered for different conditions (more energy saving or 

larger force output). 

 

3. Static Blocking Force of a Bistable Rigid Linkage through Quasi-Static Indentation  

An indentation test is performed to characterize the reaction force profile of the bistable rigid 

linkages alone, as shown in the inset of Fig. S5A. We also build a model to predict the indentation 

force Findent as a function of indentation distance δ: 
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where ∆xII represents the spring extension at rest state (State II). In this equation, we assume free 

rotation of the joint, thus the rest state of the linkages is at the stop angle regardless of spring 

stiffness. In both experiment and model, we use L = 70 mm, L1 = 23.33 mm and θs = 60
o
. Fig. 

S5B shows that the experimental result agrees very well with the model. Both results show that, at 

the rest state of stopping angle, it requires the maximum force to deform the linkages, and at 

planar state, the loading force decreases to 0. Further indentation beyond planar state results in the 

snap through of the rigid linkages towards another rest state. 

 

4. Modeling of Static Blocking Force of the BH-SBA 

Here we build a model to predict the static end-effector reaction force of the bistable hybrid soft 

actuator under non-actuated state (no pressurization applied). Based on the total potential energy 

of the system, U, in Eq. (S-2), the joint torque, T, of the bistable actuator can be obtained by  

dU
T

d
                                                                                                                                                               (S-9) 

With Eq. (S-9), we can plot the joint torque of BH-SBA vs. spring pretension, ∆xI, and bending 

angle, θ, as shown in Fig. S4B. 

The static blocking force of the system, fb , or the reaction force of the end-effector, can be 

obtained by 
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Based on this equation, we plot the static blocking force as a function of spring pretension, ∆xI, 

and bending angle, θ, as shown in Fig. S4A. 

From both Fig. S4A and Fig. S4B, we observe that the static blocking force (or joint torque) of 

the bistable actuator is linearly proportional to the spring pretension length under the same 

bending angle. It shows that the static force output of the bistable actuator can be tuned by simply 

varying the spring pretension, where an increase in spring pretension can improve the static force 

exertion of the hybrid system.  

Despite the linearity along the spring pretension axis, the static force (or joint torque) shows a 

nonlinear relationship with the bending angle. This nonlinear relationship is more clearly shown 

in Fig. S4C, where we observe that BH-SBA generates its maximum static force at neither θ = θs 



(here we use θs = 60
o
) nor θ =0

o
, but somewhere between these two bounds. This maximum value 

can be obtained by satisfying dFb/dθ = 0. The nonlinear relationship in Figure S4C is validated by 

the experiment results shown in Fig. S4D, where we performed an indentation test using Instron 

to capture the static force output (no pressurization).  

For the case of high-stiffness springs (e.g. in the bistable hybrid soft gripper), since the high-

stiffness spring could generate much higher potential energy than the straining energy of the soft 

actuators alone at the resting state, the effect of the soft bending actuators on determining the 

static blocking force of the bistable hybrid soft actuator can be neglected at the resting state (this 

assumption is not valid in other unstable states). This assumption explains the minor discrepancy 

between the model and experimental results in predicting the block force. In this case, the static 

blocking force of the bistable actuator in Eq. (S-10) shown in Fig. 6B can be further simplified as: 
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5. Finite Element Method Simulation on Actuating Bistability of the BH-SBA 

The Finite Element Method (FEM) simulation is couducted using ABAQUS/Standard (Simulia, 

Dassault Systems, 6.14). Only half of the hybrid soft bending actuator model is simulated due to 

the symmetry of its geometry. The geometry and material property parameters can be found in 

Table S1. The pneumatic soft bending actuator is modeled with 3D solid elements (C3D8RH) and 

the hyperelastic Yeoh model (C10 = 0.019 MPa, C20 = 0.0009 MPa, C30 = - 4.75   10
-6

 MPa, D1 = 

D2 = D3 = 0 for the SI (mm) unit system) (50) is used to simulate the constitutive behavior of the 

Ecoflex-50. The rigid linkage is modeled with 2D shell elements (S3 and S4R), and isotropic, 

linear elastic model is used to simulate the constitutive behavior of the spine made of PLA with 

Young’s modulus of 3.5 GPa and Poisson’s ratio of 0.33.A hinge connection is used to simulate 

the revolute joint that connects the two spines. To simulate the mechanical angle stoppers on two 

sides, we add a stop behavior to the hing by specifying the stop angles. A damping coefficient 

(0.1) is also added to prevent the bouncing of the spine after collision with the stopper.  A tie 

interaction is used to attach the linkages and the actuator together. In the bistable linkages, the 

spring is modeled with an axial connector element (CONN3D2) and attached to the rigid links 

using a kinematic coupling. A reference length is set to simulate the pretension in the spring. The 

model contains a total of 19,015 elements. For the boundary condition, the bottom of the spine is 

fixed, and a symmetrical boundary condition is applied to nodes at the middle of the mechanism. 

There are 3 steps beside the initial step to simulate the motion of a bistable bending actuator. 

First, a static step is used to apply a rotational displacement to rotate the mechanism to - 60
o
. This 



step is necessary, since the system is initially at perfect vertical angle and cannot move without a 

pertubance though the sping’s pretension force is applied. Second, a static step is followed to 

allow the actuator and the mechanism to reach a steady state, which allows the mechanism to stay 

at a stable angle (- 60
o
) after the release of the pretensioned spring. Third, a full dynamic step 

analysis applies a smooth step pressure to actuate the pneumatic actuator. To capture the snap-

through, the minimum time step size is set as 1   10
-8

 s that ensures the convergence of the 

simulation. All the three steps use a direct, full Newton solver.  

 

 

 

 

 

 

 

 

Figures 

 

Fig. S1. Structure of the bistable hybrid soft bending actuator (BH-SBA). (A) Schematic of 

BH-SBA. It is composed of two pneumatic actuators, one rotation spine and one pretensioned 

spring. (B) Schematics of top view (left) and side view (right) of the two-way pneumatic bending 

actuator. The darker color represents the patterned channel. (C) Exploded schematics of the 

structure of the 3d-printed linkages for BH-SBA. 
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Fig. S2. Actuation timing control for the BH-SBAs. The grey lines in the right figure shows 

when a channel is pressurized. At all other times, channels are not actuated. The detailed data for 

controlling the proposed actuators and machines can be found in Table. S2. 

 

 

 

 

 

 

 

 

Fig. S3.  Experimental setup for the measurement of bending angle, pressure, and flow rate 

for the bistable actuator. (Photo Credit: Yinding Chi, North Carolina State University) 

 



 

Fig. S4. Static blocking force and joint torque of the BH-SBA. (A) Theoretical static blocking 

force vs. spring pretension at state I, ∆xI, and bending angle, θ. We use spring stiffness k = 1.29 

N/mm. (B) Theoretical joint torque vs. spring pretension at state I, ∆xI, and bending angle, θ. (C) 

Theoretical static blocking force as the function of bending angle. (D) Static blocking force as the 

function of bending angle measured by indenting test, further indenting beyond 0
o
 results in a 

snap-through. The inset shows the set-up of the experiment, where we used Instron to capture the 

force.  

 

 

 

 

Fig. S5. Force-displacement curves of the sole bistable linkages of BH-SBA under quasi-

static indentation. (A) the theoretical force-displacement curves for sole spines with different 

spring pre-extensions (∆xI). The spring stiffness k = 1.29 N/mm. Further displacement beyond 
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~30 mm results in a snap-through. (B) Comparison of the theoretical model with the experimental 

result, which shows a good match (∆xI = 5.0mm). 

 

 

Fig. S6. Dynamic blocking force of the BH-SBA vs. input pressure. The force, at the bending 

angle of ~28
o
, is captured during the swing motion of the actuator (k = 1.29 N/mm, ∆xI = 6mm). 

 

 

 

 

 

 

 

 
Fig. S7. The simulated bending angle vs. response time for the BH-SBAs with different 

spring pretensions (∆xI = 7.2 mm, 8 mm and 8.4 mm, respectively). Here all BH-SBAs possess 

the same lock angle 60
o
 and are all actuated with 40 kPa instantaneous pressure. The detailed time 

elapse can be found in Table. S3. 
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Fig. S8. Experimental setup of the soft robotics crawler (left) and soft robotic swimmer 

(right).  All three types of robotic swimmers (bistable hybrid soft, hybrid, and soft ones are 

connected with a lightweight floating disc (yellow) on the top to avoid the influence of buoyancy 

changes. (Photo Credit: Yichao Tang, Temple University) 

 

 

 

 

 

Fig. S9. Experimental setup of bending stiffness measurements. The force (blocked at 80
o
) is 

recorded by an Instron machine while the motor (AutomationDirect, Inc.) is pulling the spring at a 

rate of 5 revolutions per minute (RPM). (Photo Credit: Yichao Tang, Temple University) 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table. S1. List of geometrical and materials parameters for the BH-SBA 

Parameter Symbol Value Unit 

Ecoflex – 50 Nominal Young’s modulus E 35 kPa 

Ecoflex – 50 Density ρ 1 x 10
-9 t/mm3 

length of soft actuator L 70 mm 

cross-section dimension of channel wc x h 2 x 6  mm 

cross-section dimension of soft actuator w x l 14 x 20 mm 

distance between anchor points L1 23.3 mm 

spring pretension at state I ∆xI - mm 

volume of soft actuator V=wlL 1.96 x 10
-5

 m
3
 

spring stiffness k 1.29 N/mm 

second moment of inertia I=w
3
l/12 4.57 x 10

-9
 m

4
 

peak power (BH-SBA Fig.3B) - 8.0 W 

stored energy/weight (BH-SBA Fig.3B) - 1.156 J/kg 

 

 

 

Table. S2. Data of actuation pressure and time control pattern. The actuation timing control is 

shown in Fig. S2. 

Actuators / robots P 

(kPa) 

t1 (s) t2 (s) t3 (s) t4 (s) 

BH-SBA (Fig. 3A-3C) 20 0.09 0.07 0.09 0.07 

crawler (Fig. 4C) 20 0.09 0.07 0.09 0.07 

crawler (Fig. 4D) 30 0.11 0.08 0.11 0.08 

swimmer (Fig. 5) 160 0.15 0.23 0.15 0.23 

 

 

Table. S3. The time elapse of the SBA, H-SBA, and BH-SBAs with different spring 

pretensions. All actuators are pressurized at 30 kPa with the same flow rate of ~3 L/min 

 Time before snap-through (s) Time after snap-through (s) 

BH-SBA (∆xI = 3.1 mm) 0.262 (-41
o
 to 0) 0.063 (0 to 41

o
) 

BH-SBA (∆xI = 6 mm) 0.763 (-60
o
 to 0) 0.065 (0 to 60

o
) 

BH-SBA (∆xI = 7 mm) 0.790 (-60
o
 to 0) 0.062 (0 to 60

o
) 

BH-SBA (∆xI = 8 mm) 0.979 (-60
o
 to 0) 0.053 (0 to 60

o
) 

SBA 1.261 (0 to 60
o
) N.A. 

H-SBA 2.600 (0 to 25.3
o
) N.A. 

 

 

Table. S4. The simulated time elapse of the BH-SBAs with different spring pretensions.  

∆xI time before snap (s) time after snap (s) 

7.2 mm ~0.099 ~0.033 

8.0 mm ~0.128 ~0.032 

8.4 mm ~0.164 ~0.030 

 

 



Movie captions:  

 

Movie S1. Slow motion of swinging of the bistable hybrid soft bending actuator (BH-SBA) 

captured by a high-speed camera. The actuator is pressurized at 20 kPa and 3.2 Hz average 

frequency. 

Movie S2. Comparison of the real-time swing motion between the BH-SBA and its two 

counterparts, hybrid soft bending actuator (H-SBA), and soft bending actuator (SBA) with 

the same swing angle of 60
o
. When pressurized at 20 kPa, it takes BH-SBA 0.13 s to swing from 

-60
o
 to 60

o
 (average frequency = 3.85 Hz). It takes SBA 0.16 s (need to be pressurized at 38 kPa) 

to achieve the same bending angle. The H-SBA requires the highest pressure (80 kPa) to achieve 

the same bending angle at the slowest speed (0.27 s). 

 

Movie S3. FEM simulation on actuating the bistability of the BH-SBAs with different spring 

pretensions (∆xI = 7.2 mm, 8 mm and 8.4 mm, respectively). All actuators rest at the preset 

stopping angle of 60
o
 and are then actuated with an applied 40 kPa instantaneous pressure. In the 

simulation, we use the same geometry, material and spring properties as the experiment.   

Movie S4. Comparison of the real-time locomotion on a horizontal surface between the 

three crawlers based on the integrated BH-SBA, H-SBA, and SBA. All actuators are 

pressured at 20 kPa with a 3.2 Hz average frequency. All crawlers are 7 cm long and 6 cm wide 

with a mass of 45g. The prototype built with BH-SBA shows the fastest locomotion speed (2.49 

BL/s or 174.4 mm/s). The crawler based on springless H-SBA shows the slowest velocity (0.53 

BL/s or 37.1 mm/s). The crawler based on SBA without linkages can achieve locomotion at 1.19 

BL/s, or 83.3 mm/s.  

 

Movie S5. Slow motion (x 0.125) of the BH-SBA-based crawler locomoting on a horizontal 

surface. Due to the amplified force and velocity enabled by the bistable structure, we observe the 

lift-off of both foreleg and hind legs from the surface during the locomotion. 

 

Movie S6. Comparison of the real-time locomotion of three BH-SBA-based crawlers on a 

horizontal surface with different spring pretension. All actuators are pressured at 30 kPa with 

a 2.63 Hz average frequency. All crawlers are 7 cm long and 6 cm wide with a mass of 45g. The 

prototype built with largest spring pretension (∆xI = 8 mm) shows the fastest locomotion speed 

(2.68 BL/s or 187.5 mm/s). The crawler with ∆xI = 6 mm shows the slowest velocity (1.93 BL/s 

or 135.1 mm/s). The crawler with ∆xI = 7 mm can achieve locomotion at 2.26 BL/s, or 157.6 

mm/s.  

 

Movie S7. Comparison of the real-time climbing on a slightly tilted surface between the 

three crawlers based on the integrated BH-SBA, H-SBA, and SBA. All actuators are 

pressurized at 20 kPa with a 3.2 Hz average frequency. The crawler built with BH-SBA can 

locomote on a 17
o
 tilted surface with a 0.56 BL/s locomotion velocity while the crawlers based on 

SBA and H-SBA do not show the capability of climbing such surfaces. 

 

Movie S8. Comparison of the real-time underwater locomotion between the three fish-like 

swimmers based on the integrated BH-SBA, H-SBA, and SBA. The prototype is ~150 mm 

long with a mass of 51 g. The composed bending actuator is 45 mm in length and 25 mm in 

diameter. We use a stiff plastic film (0.25 mm) for the fish fin. The prototype built with BH-SBA 

can locomote at 0.78 BL/s, or 117 mm/s. The crawler based on springless H-SBA shows the 

slowest velocity (0.27 BL/s or 40 mm/s). The crawler based on SBA can achieve a locomotion 

speed of 0.58 BL/s, or 87 mm/s. 

 



Movie S9. Demonstrations of strength-adjustable bistable hybrid soft grippers in grasping a 

variety of objects ranging from fragile lightweight to high-load objects. Pneumatic actuation 

is used for gripping lightweight and fragile objects and motor-driven actuation is used for 

grasping large and heavy objects through pulling the spring. We first show the proposed gripper 

can manipulate a few lightweight objects including a fresh egg, steel wrap, a glass bottle and a 

tape. All actuators are pressurized at 90 kPa. Then we demonstrate the proposed gripper can hold 

heavier objects with weights of 600 g, 3.6 kg, 9.2 kg and 11.4 kg. The corresponding stretched 

lengths of the spring (k = 9.7 N/mm) at stop angle of 85
o
 are ~0.1 mm, ~3 mm, ~2 mm and ~3 

mm. For the demonstration of grasping 9.2 kg and 11.4 kg payloads, an acrylic plate is fixed 

above the payload. Gripping these payloads is achieved through squeezing the acrylics plate first 

and then lifting the payloads. 
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