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Soft multifunctional bistable fabric mechanism for
electronics-free autonomous robots

Dezhi Yang1, Miao Feng1, Jianing Sun1, Yexun Wei1, Jiang Zou1'2,

Xiangyang Zhu'**, Guoying Gu'"**

Pneumatic soft robots are promising in diverse applications while they typically require additional electronics or
components for pressure control. Fusing pneumatic actuation and control capabilities into a simple soft module
remains challenging. Here, we present a class of bistable fabric mechanisms (BFMs) that merge soft bistable ac-
tuators and valves for electronics-free autonomous robots. The BFMs comprise two bonding fabric chambers with
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embedded tubes, where the straightening of one chamber compels the other to buckle for the bistability of
the structure and the switching of the tube kinking. Our BFMs can facilitate fast bending actuation (more than
1166° s™'), on/off and continuous pressure regulation, pneumatic logic computations, and autonomous oscillating
actuation (up to 4.6 Hz). We further demonstrate the capabilities of BFMs for diverse robotic applications powered
by one constant-pressure air supply: a soft gripper for dynamic grasping and a soft crawler for autonomous jump-
ing. Our BFM development showcases unique features and huge potential in advancing entirely soft, electronics-

free autonomous robots.

INTRODUCTION

Pneumatic soft robots have drawn extensive attention owing to their
safety, adaptability, simplicity, practicability, and low cost (I). Bene-
fiting from these advantages, they have shown tremendous promise
and diverse applications, such as biomimetic robots (2-6), soft grip-
pers (7-10), and wearable devices (11-15). However, pneumatic soft
robots, especially those composed of multiple actuators, typically
require several hard electronic valves and control modules for pres-
sure control (16), which limits their integration of fully soft compo-
nents. Moreover, their applications may be hindered in environments
where electronics are prone to failure, such as underwater or high-
radiation zones.

To achieve electronics-free autonomy in pneumatic soft robots,
researchers have predominantly focused on assembling multiple
classes of soft actuators and control modules. During the past de-
cade, various soft actuators have been developed using elastomers,
polymers, and fabrics, which enable a range of actuation motions
including extension, contraction, bending, twisting, and hybrid
movements (17-23). On the other hand, soft control modules have
been reported through the development of pneumatic inverters
(24-26), soft valves (27, 28), membranes with slits (29, 30), and nar-
row tubes with viscous flow (31, 32). These soft control modules
have been successfully used to design pneumatic logic gates, oscilla-
tors, nonvolatile memory storage, and pressure regulators (28, 33-
40), generating pressure signal sequences analogous to electronic
circuit currents. In this sense, electronics-free soft robots can be
conveniently realized through their combinations (41, 42). Howev-
er, these developments usually depend on different components for
actuation and control, resulting in cumbersome fabrication and dif-
ficulties of integration.
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In tackling these challenges, one promising strategy is to integrate
actuation and control capabilities into a unified design (28, 38, 43, 44).
As a promising attempt, Lee et al. (38) used the inherent interactions
between the buckling-sheet ring oscillator and the surroundings to
achieve multimodal locomotion robots. Besides, Jiao et al. (43) present-
ed soft origami LEGO with actuation, computation, and sensing capa-
bilities to develop intelligent soft turtle robots. Recently, Decker et al.
(28) introduced programmable soft valves with inner piston actuators
for linear actuation of untethered robots. Despite the accumulative re-
sults, it remains challenging to fuse the actuation and control capabili-
ties into a simple and efficient soft module.

Alternatively, snap-through bistability has been widely used to
develop high-performance soft bistable actuators or valves, but not
both simultaneously (45). They typically combine separate pneu-
matic actuators with bistable structures (46-49), or couple tube
kinking with bistable membrane deformation (27, 50). While di-
rectly combining existing bistable structures, pneumatic actuators,
and tubes might offer a solution, it generally requires complicated
configurations. Accordingly, the key challenge lies in the design of
simple soft bistable structures and actuators, whose deformation
can be inherently coupled with pneumatic components for control.

Here, we present a class of bistable fabric mechanisms (BFMs)
that merge soft bistable actuators and valves by partially bonding
two fabric chambers and embedding tubes. Controlling the pres-
sures in the two chambers, the BFMs exhibit bistability with tun-
able energy barriers and can transition between stable states
rapidly. In each stable state, one chamber straightens while the
other buckles, causing the corresponding embedded tubes to be
unkinked or kinked. We demonstrate that our BFMs can be con-
figured as bistable actuators with fast bending actuation (more
than 1166°s™Y), pneumatic circuit switches (PCSs) for interaction
control, and pneumatic logic gates for autonomous control. Nota-
bly, a single BEM can multiplex the actuator and valve functions to
achieve autonomous oscillating actuation (up to 4.6 Hz). Further,
we develop a soft gripper capable of detecting objects and per-
forming dynamic grasping and a soft crawler that jumps forward
continuously (6.6 + 0.8 cm s™") after a press on its tail. Both are
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fully soft and electronics-free and achieve intelligent control un-
der a constant-pressure air supply.

RESULTS
Design and working principle of BFMs
A BFM typically consists of two partially bonded flat fabric cham-
bers (chamber 1 and chamber 2), embedded with two easily kinked
flexible tubes (tube 1 and tube 2), respectively (Fig. 1A, figs. S1 and
S2, and Supplementary Text). The two chambers (control pressure:
P; and P,) create a bistable actuator, while the two tubes (control
pressure: T} and T5) further enable the function of a bistable valve.
Made from flexible yet almost nonstretchable fabric materials,
inflated fabric chambers exhibit buckling behavior under bending
deformation (51, 52), resulting in a marked reduction in bending
stiffness (fig. S3). Therefore, by partially bonding two fabric cham-
bers in an antagonistic arrangement, our BEM exhibits two stable
states during inflation (Fig. 1A and movie S1): Either chamber 1 is

straight and chamber 2 is buckled (state I), or chamber 2 is straight
and chamber 1 is buckled (state II). By controlling P; and P, to ad-
just the bending stiffness of the two chambers, the BEM can transi-
tion between these stable states. We illustrate the state transition
behavior of our BFM with a three-region phase diagram (Fig. 1B),
predicted by a simplified model (fig. S4 and Supplementary Text):
region (D—monostable (state I), region ®—monostable (state II),
and region (@—bistable (state I and IT). When the pressure combi-
nation is located in region @ (for instance, P; equals P,), the BFM
exhibits bistable characteristics. In this sense, the BEM can stabilize
in either state I or state Il and can only transition between two stable
states under external torque (see the insets in Fig. 1B). When the
pressure combination lies within the other two regions (i.e., when
the absolute pressure difference between P; and P, exceeds a critical
value AP.), the BFM transitions to the corresponding stable state
regardless of its previous state.

As another design consideration, we embed flexible tubes across
the buckling regions of both chambers to control airflow (Fig. 1A
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Fig. 1. Design, working principle, multifunctionality, and exemplary applications of bistable fabric mechanisms (BFMs). (A) A BFM typically consists of two partially bonded
fabric chambers (control pressure: P, and P,) and two embedded tubes (control pressure: T; and T). By controlling P; and P, the BFM exhibits two stable states and can transition
between these stable states rapidly when the pressure difference exceeds a critical value AP [as shown in (B)]. In each stable state, one chamber straightens while the other buck-
les, causing the embedded tubes to be unkinked or kinked to output different pressures, i.e., Ty or T,. (B) The schematic of the phase diagram of BFMs concerning P, and P,. On the
basis of a simplified model (fig. S4 and Supplementary Text), the phase diagram is divided into three regions: region (D—monostable (state ), region @—monostable (state Il), and
region @—nbistable (states | and II). (C) By configuring the control pressures (i.e., Py, P, Ty, and T,), BFMs can individually or simultaneously function as bistable actuators, pneu-
matic circuit switches, and pneumatic logic gates. (D) Multifunctional BFMs enable fully soft, electronics-free, and autonomous robots, such as a gripper and a jumping crawler.

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

20f 11

G20z ‘€0 Areniged uo Aisiealun Buo] ceir reybueys e H10'a0us 10s"MMM//:Sdny WoJj papeojumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

and fig. S5). We connect the outlets of the two tubes to form the final
output while configuring their inlets with two control pressures (T;
and T5) to determine the output pressure. In state I, tube 2 is kinked
while tube 1 is unkinked, allowing the pressure T} to be transmitted
to the output. In state II, tube 1 is kinked while tube 2 is unkinked,
permitting the pressure T, to be transmitted to the output.

Therefore, our BFMs are essentially soft modules that merge bi-
stable actuators and valves. By configuring the control pressures, i.e.,
Py, Py, T}, and T, our BFEMs can function as various pneumatic ac-
tuators and control modules, including bistable actuators, PCSs, and
pneumatic logic gates (Fig. 1C). These multifunctional BFMs fur-
ther provide a platform to design electronics-free soft autonomous
robots (Fig. 1D).

Characterization of BFMs

We next characterize the bistability, state transition conditions,
and actuation performances of BFMs. On the basis of the prior
experimental results (fig. S6, A and B), we notice that the embed-
ded tubes have little influence on the mechanical properties of
BFMs, which are ignored in the following characterization tests
for simplicity.

To demonstrate the bistability, we first characterize the torque-
angle relations of our BFMs when P, = P, = P (see Materials and
Methods and movie S1 for characterization details). The results
show that the torque-angle curves are almost centrosymmetric
and similar to those of typical bistable designs (45) (Fig. 2A).
Thus, the BFMs have local minimal energy at stable states I and
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Fig. 2. Characterization of BFMs. (A) Exemplary torque-angle relations (P; = P, = P = 90 kPa) demonstrate the bistability of BFMs. BFMs need to overcome the torque
barrier T, and energy barrier Ep, to transition between stable states. (B) tp and £, can be tuned by adjusting the actuation pressure P. (C) T, and E;, rarely vary with the
length ratio L1/L; in the measured ranges, showing that this bistability is a local effect. (D) Experimentally measured phase diagram of the BFMs. The critical pressure dif-
ferences AP, ranges between 0 and 60 kPa. When the pressure combination changes across the boundaries, the BFM transitions to corresponding stable states rapidly.
(E) To simplify the control, P is fixed to a reference pressure and P, is controlled to transition between stable states. These snap-through pressures and snap-back pres-
sures are tunable. (F) Stimulated by an approximate step pressure, our BFM bends more than 70° within 60 ms, making it an effective bistable actuator for fast bending
actuation (more than 1166° s™"). All these presented deviations or error bars are SDs (+SD) in this work.
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IL. In this sense, our BFMs need to overcome the torque barrier 7,
and energy barrier Ej, for transitions between these stable states.
By adjusting actuation pressure P, chamber width w, and open
angle @, we can tune T, and E}, to make BFMs more stable or sen-
sitive (Fig. 2B; fig. S6, C and D; and Supplementary Text). As
shown in Fig. 2C, we can see that Ty, and E}, remain almost con-
stant with the increase of length ratio L,/L,, indicating that this
bistability is a local effect. To further demonstrate the local effect,
we can extend BFMs to other bistable, tristable, and multistable
structures by selectively bonding parts of several fabric chambers
(fig. S7 and movie S2).

To quantitatively analyze the state transition conditions, we
characterize the phase diagram of our BFMs with varying P, and
P, (see fig. S8 and Materials and Methods for characterization
details). We can see that the bistable region @) is bounded by
two state transition boundaries, which are roughly symmetric
about the line of P; = P, (Fig. 2D). The critical pressure differ-
ence AP, to reach the other two monostable regions @D and @
typically ranges between 0 and 60 kPa and enlarges with the in-
crease of Py and P, due to the growing energy barrier. To sim-
plify the control of state transitions, we fix P, to a reference
pressure (30 to 70 kPa) while controlling P, to vary the pressure
combination (Fig. 2E). When P; increases to the upper bound-
ary or decreases to the lower boundary in Fig. 2D, our BFMs
snap through from state II to state I or snap back from state I to
state II (Fig. 2E). These snap-through pressures and snap-back
pressures concerning P; are tunable by varying the fixed P,.

Because of the snap-through bending motions during state
transitions, our BFMs are inherently capable of functioning as
bistable actuators. In the step response tests, the BFMs can bend
more than 70° within 60 ms, equivalent to a bending speed of
more than 1166° s~ (Fig. 2F). When blocked at the bending
angle of 20°, the BFM generates an impact force of approximate-
ly 8 N (fig. S9 and Supplementary Text). With the sweep-
frequency tests, the BFM can achieve bidirectional bending
motions (like a fishtail) up to 1.8 Hz, a limit primarily imposed
by the pneumatic hardware (fig. S10, movie S1, and Supplemen-
tary Text). In the cyclic tests, the BEM maintains effective actua-
tion capabilities after 10,000 cycles without permanent damage
or air leakage (fig. S11 and Supplementary Text). These results
demonstrate the excellent actuation performances and robust
longevity of our BFMs.

Pneumatic circuit switches

With the above design and characterization results, we can create
diverse soft pneumatic control modules by configuring the control
pressures of BFMs, i.e., Py, P, Ty, and T5. As the first example, we
develop various PCSs that regulate output pressure in response to
external torque or displacement, thus enabling interaction control
of pneumatic soft robots.

Figure 3A shows the design and working principle of a three-
way two-state PCS, which features three air ports and two operat-
ing states, based on a typical BEM. In this PCS, we configure both
chambers with a reference pressure to create a passive bistable
structure, i.e., P = P, = P.r (40 kPa). We connect the inlet of
tube 1 to the air supply, i.e., T1 = Phigh (90 kPa), and the inlet of
tube 2 to the atmosphere, i.e., T = Pym (0 kPa). By applying an
external torque, the PCS can switch its output pressure between

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

Phign (state I) and Py (state II). When the external torque is re-
moved, the PCS can maintain the current output pressure (fig.
S12A and movie S3).

Varying the number of chambers and tubes can extend the de-
sign of PCSs. For example, by applying a similar configuration to
a tristable fabric mechanism, we can create a three-way three-
state PCS (Fig. 3B). When operating under an air supply with
fluctuant pressure, e.g. Phigh = 70 + 6 kPa, this PCS can connect
to the air supply to output Ppgy, (state I), the atmosphere to output
P (state III), and none of them to hold pressure (state II) (fig.
S12B and movie S3). In addition, by embedding two pairs of tubes
into one BFM, we can create a four-way two-state PCS with two
opposite output pressures (Fig. 3C). This PCS is able to control a
pair of antagonistic actuators, such as the fabric-based pneumatic
actuators for soft assistive gloves in our previous work (14) (fig.
$12C and movie S3).

Beyond on/off controls, we can configure the BFM as a propor-
tional PCS for continuous control (Fig. 3D and Supplementary
Text). To this end, chamber 2 is connected to the air supply, i.e.,
P; = Phign (90 kPa), while other configurations resemble the three-
way two-state PCSs. In such a configuration, this PCS exhibits
monostability (state II) and transduces bending angles into con-
tinuous output pressures by partially connecting to the air supply
and partially disconnecting from the atmosphere. Therefore, this
proportional PCS integrates the sensing and control capabilities
and can enable continuous pressure control of soft actuators, such
as the soft finger in our previous work (12) (fig. S12D and
movie S3).

Pneumatic logic gates

As the second example, we develop various pneumatic logic gates by
assigning inputs that toggle between Phigy and Pam based on the
configurations of three-way two-state PCSs. To ensure the state
transitions occur when Py is set to 40 kPa, Pyig, should be greater
than the corresponding snap-through pressure, which is approxi-
mately 80 kPa (see Fig. 2E). For convenience, we set Phgn to 100 kPa
and use it to represent Boolean 1, while Py, (0 kPa) is used to rep-
resent Boolean 0.

Assigning chamber 2 as an input (P, = input), the BFM be-
haves like a NOT gate to invert the input pressures (Fig. 4A, fig.
S13A, and movie S4). Using chamber 1 as an input (P; = input),
the BFM is analogous to a buffer (BUF) gate (Fig. 4B, fig. S13B,
and movie S4). This BUF gate does not alter logic but can filter or
amplify the input pressures (fig. S13, C and D). Treating chamber
1 and the inlet of tube 1 as input 1 and input 2 (P; = input 1;
T, = input 2), an AND gate is created (Fig. 4C, fig. S13E, and
movie S4). Treating the inlet of tube 2 and chamber 1 as input 1
and input 2 (T, = input 1; P; = input 2), an OR gate is achieved
(Fig. 4D, fig. S13F, and movie S4). These gates form a functionally
complete set of pneumatic logic gates, providing a platform to
achieve the Boolean operations for the autonomous control of
pneumatic soft robots (28).

Pneumatic oscillators

On the basis of the above NOT gates, we proceed to design pneu-
matic oscillators that generate periodic pressure oscillations and
motion oscillations under constant input. We realize a one-channel
oscillator by connecting the output and input of a NOT gate in a
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Fig. 3. Pneumatic circuit switches. Create various PCSs by configuring the control pressures of the BFMs using supplied pressure Pygn, reference pressure Prer, and atmo-
spheric pressure P,m. (A) Three-way two-state PCS configuration. External torque can switch the output to connect to either the air supply or the atmosphere. (B) Three-
way three-state PCS configuration. Besides connecting to the air supply or the atmosphere, the output can hold pressure by disconnecting from both of them. In this
experiment, the air supply is programmed to fluctuate with a pressure of Phig, = 70 + 6 kPa. (C) Four-way two-state PCS configuration. With two pairs of tubes embedded
in the chambers, a single PCS can output two opposite pressures. This PCS can control a pair of antagonistic actuators for flexion and extension. (D) Proportional PCS
configuration. This PCS exhibits monostability and can transduce the bending angles into continuous output pressures to control soft actuators precisely.

feedback way (Fig. 5A, fig. S14A, and movie S5). Powered by a
constant-pressure air supply, this oscillator experiences rapid alter-
nating inflation and deflation in its chamber 2 due to structural
intelligence (Fig. 5, A and B), outputting oscillating pressures (Fig.
5C) and oscillatory bending motions (Fig. 5D). The oscillating
pressures are determined by the snap-through and snap-back

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

pressures, which can be tuned by adjusting the reference pressure
(Fig. 2E). When blocked at the bending angle of 20°, this oscillator
generates an oscillatory impact force of approximately 7.5 N (fig. S14C).
As shown in Fig. 5E, the oscillation frequency increases as the
supplied pressure Phig, increases, which is attributed to the decrease in
inflation time as Py, increases (fig. S14D and Supplementary Text).
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behaviors of the NOT gate. (B) Configuration and behaviors of the buffer (BUF) gate. (C) Configuration and behaviors of the AND gate. (D) Configuration and behaviors of

the OR gate.

In contrast, the oscillation frequency decreases as the open angle ¢
increases, which can be explained by the increase in the energy
barrier as ¢ increases (fig. S6D). In our experiments, the maximum
oscillation frequency observed is 4.6 Hz. Further, we develop a
three-channel oscillator by connecting three NOT gates into a loop
(Fig. 5F and fig. S14E). This oscillator can output rhythmic motions
and three channels of oscillating pressure with approximately 120°
phase difference between each channel (Fig. 5G and movie S5). To
keep the open angle in practical application, we can lengthen the
chambers of BFMs for self-fixation, such as the butterfly-like oscil-
lators (fig. S15 and movie S5). These results demonstrate that
our BFMs can multiplex the functions of bistable actuators and
pneumatic logic gates to develop integrated, compact, and intelli-
gent actuators.

Electronics-free soft autonomous gripper

In the following, we demonstrate that we can use BFMs as mod-
ules to construct electronics-free soft autonomous robots. We first
develop a soft gripper (29.7 g) capable of detecting objects and
performing dynamic grasping autonomously (Fig. 6A and fig.
$16). This gripper employs three BEMs with distinct functions:
one acts as a three-way two-state PCS, another serves as a bistable
actuator (finger), and the third functions simultaneously asa NOT
gate and a bistable actuator (finger). In addition, this gripper con-
tains a custom-designed contact switch, embedding a ring-shaped
silicone tube into a cylindrical fabric shell (Fig. 6B). The contact
switch normally allows the airflow to pass through but blocks it
when contacted. Integrated into the soft gripper, the contact
switch requires a normal force of approximately 1.7 N to trigger

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

the grasping behavior (Fig. 6C, movie S6, and Supplementary
Text). The three BFMs and the contact switch are heat-pressed
onto another horizontal fabric chamber to form the soft gripper
(fig. $16). In this application, Phigh and Prrare set to 120 and 40 kPa,
respectively, and the primary airflow passages are depicted using
white dashed lines in Fig. 6A.

The operation process of the soft gripper contains four stages
(Fig. 6D and movie S6): (i) standby, (ii) contact and grasp, (iii) hold,
and (iv) release. In the standby stage, the gripper remains open with
the PCS connected to the air supply, allowing high-pressure airflow
to vent through the contact switch. In the contact and grasp stage,
the contact switch is mechanically pressed to stop venting so that
the inner pressure of the gripper (Pinner) increases. When Piner
reaches the snap-through pressure to trigger the bistable fingers, the
gripper grasps the object and blocks the airflow passage between the
contact switch and the air supply at the same time (using the NOT
gate behaviors). In the hold stage, the gripper steadily grasps the
object whether the contact switch is pressed or not. In the final
stage, manually switching the PCS to connect to the atmosphere can
release the object. After each operation cycle, the PCS is reset for
subsequent grasping.

We then showecase that this gripper can steadily grasp objects
of various shapes, including balls, cuboids, cylinders, and irregu-
lar ones (fig. S17 and movie S6). Notably, the gripper autono-
mously captures a moving iron ball (0.83 m s™'; 234 g) on impact,
owing to the fast actuation of the bistable fingers (Fig. 6E and
movie S6). These results show the advancements of our soft au-
tonomous gripper and validate the effectiveness of our BFM-
based design method.
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Fig. 5. Pneumatic oscillators. Develop pneumatic oscillators based on the NOT gates. (A) A one-channel oscillator is created by connecting the output and input of a NOT
gate in a feedback way. (B) Photographs of the oscillator during oscillation. (C) The oscillating pressure output and (D) the oscillatory bending motions when Phig, =
150 kPa and Pyt = 50 kPa (frequency = 3.34 Hz). (E) Influences of Pyigr and open angle ¢ on the oscillation frequency. (F) The working principle of the three-channel oscil-
lator. Each cycle contains six steps. The schematic shows the deflation of Poyto. (G) The oscillating pressure outputs of the three-channel oscillator. These three output

pressures lag 120° phase in turn.

Electronics-free soft autonomous crawler

In the second robotic application, we design a soft crawler (33.9 g)
that moves forward autonomously after a press on its tail (Fig. 7A
and fig. S18). This crawler comprises three BEMs. One BEM posi-
tioned at the tail functions as a three-way two-state PCS, with its
bonded chambers lengthened to form the robot body. The other two
BFMs attached to the body (serving as the robot legs) function as
one-channel oscillators. In this application, Phig, and Pr are set to
70 and 30 kPa, respectively, to ensure that this lightweight robot
moves stably, and the primary airflow passages are depicted using
white dashed lines in the side view in Fig. 7A.

The oscillators endow the crawler with continuous forward jump-
ing gaits (Fig. 7B and movie S7). At the beginning of each step, the
robot legs are at approximately 30° to the ground and their respective
chamber 2 is inflating. When inflated to the snap-through pressure,
the robot legs generate fast bending motions to flap the ground, re-
sulting in forward jumping gaits. After landing on the ground, the
robot legs are almost perpendicular to the ground and their respective

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

chamber 2 is then deflating to generate snap-back bending motions.
As the tips of the legs are smoother than the tail, the robot legs slide
forward to complete a crawling step AL. Therefore, the crawler can
achieve autonomous crawling powered by one constant-pressure air
supply. Moreover, the three-way two-state PCS at the tail can sense
external stimuli to control the oscillators to connect to the air supply
or the atmosphere, which provides the crawler with interaction capa-
bilities.

The crawler demonstrates intelligent operation with integrated
autonomous control and interaction control (Fig. 7C and movie S7).
Initially, the PCS connects to the atmosphere, keeping the crawler
stationary. With a manual press at the robot tail, the PCS connects
to the air supply and the crawler starts to move forward. Subse-
quently, the crawler autonomously crawls to the destination with an
average speed of 6.6 + 0.8 cm s™' (0.357 + 0.043 BLs™") and a pow-
er consumption of 2.47 W (Fig. 7D and Supplementary Text). Fi-
nally, the crawler can be stopped with a reverse press to reset the
PCS. In addition to manual press, we demonstrate that the soft
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Fig. 6. An electronics-free soft autonomous gripper. (A) Components and analogous circuit diagram of the soft gripper. Scale bar, 3 cm. (B) Structure and working
principle of the contact switch. (C) Triggering force test. The grasping behavior is triggered when the contact switch is pressed approximately 4 mm (approximately 1.7 N).
(D) Photographs and schematics of the soft gripper in the operation process. (E) Because of the fast actuation of the bistable actuators, the soft gripper can autono-
mously capture a moving iron ball. In this application, Phigh = 120 kPa and Py = 40 kPa.

crawler can automatically start when its tail is struck by a falling
load (movie S7). This remarkable crawler highlights the versatility of
our BFM-based design method and its capabilities in autonomous
locomotion.

DISCUSSION

Bistable structures have been successfully used in developing soft ac-
tuators with fast actuation or soft valves for electronics-free control.
However, achieving them both in a unified and compact design re-
mains elusive. Herein, we present a class of BFMs with embedded
pneumatic control components, capable of functioning as various
soft actuators and control modules, including bistable actuators,
PCSs, and pneumatic logic gates. We also demonstrate that our
BFMs can multiplex their actuation and control capabilities to de-
velop intelligent oscillators, which directly produce oscillatory bend-
ing motions up to 4.6 Hz. Therefore, the BFMs can be used as
modules to construct electronics-free soft autonomous robots, such

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

as the gripper and the crawler developed in this work. Notably, these
robots primarily contain fabric and tube materials and achieve intel-
ligent operation powered by one constant air supply.

Different from most pneumatic soft bistable actuators (46-49),
our BFMs are fully soft, simple, and compact, seamlessly integrating
pneumatic actuators and bistable structures. Compared with existing
soft control modules (table S1), our BFMs demonstrate not only com-
prehensive pneumatic control capabilities but also direct actuation
capabilities. On the basis of our experiments, the BEMs can operate at
pressures up to 150 kPa, which meets the requirements for most
pneumatic soft robots. In addition, our BFMs are lightweight, low-
cost, foldable, scalable, and easily fabricated with heat-sealing/press-
ing methods. To highlight these advantages, our developed gripper
and crawler are fully soft and primarily use BEMs for actuation and
control. However, we should mention that the BEMs require an auxil-
iary reference pressure (Py), as fabric chambers exhibit almost no
bending stiffness when unpressurized. The reference pressure, al-
though increasing complexity, also enhances tunability. Although the
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Pref =30kPa.

air supply in this work still needs traditional air pumps and pressure
regulators, these components could be replaced with soft power de-
vices in the future. Moving forward, many opportunities exist in ex-
ploring the applications of BFMs. For example, the proportional PCS
can be integrated with human joint (such as finger, wrist, and elbow)
to enable real-time control of pneumatic soft robots or assistive wear-
able devices based on users’ motions.

In summary, our BEM-based modules and robots take a step to-
ward entirely soft, self-contained, electronics-free, and autonomous
robotic systems. Moreover, we anticipate that our design method of
partially bonding chambers and embedding tubes will inspire future
research in multistable, reconfigurable, and intelligent structures,
actuators, and robots.

MATERIALS AND METHODS

Materials and fabrication of BFMs

Primary materials (fig. S1 and Supplementary Text) comprising
BFMs are 150D polyester fabrics with thermoplastic polyurethane
(TPU) coated on both sides (0.34 mm; Suzhou Caveman Textile
Technology Co. Ltd., China), heat-shrinkable tubes (®3; Shenzhen

Yang et al., Sci. Adv. 11, eads8734 (2025) 31 January 2025

Wanjia Electronic Co Ltd., China), nonstick baking paper (0.05 mm;
Foshan Nanhai Weiji Kitchen Utensil Co. Ltd., China), and
TPU air connector (®3; Shenzhen Jianda Handbag Accessories Co.
Ltd., China).

The tools used to fabricate BFMs are a laser cutter (VLS 3.50;
Universal Laser Systems, USA), a heat press machine (38 X 38 cm;
Yiwu Hexin Digital Technology Co. Ltd., China), and a handheld
acrylic bending machine (Type A; Jinan Hongyang CNC Machinery
Co. Ltd., China). The main fabrication process contains five steps: (i)
laser cut the original materials to obtain patterned fabric sheets and
baking paper; (ii) every two fabric sheets are heat sealed to create flat
fabric chambers; (iii) two fabric chambers are partially bonded to
form a bifurcated structure; (iv) insert tubes through reserved tube
path holes; and (v) glue the tube path holes. Please see fig. S2 and
Supplementary Text for more details.

Pneumatic sources and pressure control

The pneumatic sources and pressure control in this work are based
on an oil-free air compressor (OTS-950x2; Taizhou Outstanding
Industry & Trade Co. Ltd., China), a customized pressure regulator
(12 channels; Deli Group, China), and a programmable controller
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(microLabBox 1202; dSPACE, Germany). Controlled by the pro-
grammable controller, the pressure regulator can output multichan-
nel desired air supply to BEMs, including constant pressure, sinusoidal
pressure, and approximate step pressure. The actual pressures in all
experiments are recorded by pressure sensors (MPX Series; Freescale
Semiconductor, USA).

Torque-angle relation characterization

As shown in fig. S6A, the experimental setup for characterizing the
torque-angle relations consists of a three-axis mobile platform with
two adjustable fixtures, a torque sensor (TFF400; Futek, USA) cou-
pled with a jig, and a rotary mobile platform driven by a stepper mo-
tor (HS2257; Leadshine Co. Ltd., China). For a given BEM specimen,
the characterization process includes installation and testing. Instal-
lation: Fix the BFM at an open angle ¢ using the two fixtures on the
three-axis mobile platform; adjust the three-axis mobile platform so
that the bifurcation of the BFM is coaxial with the torque sensor; use
the jig to secure the bonded regions of the BFM; move the rotary
mobile platform to zero position (bending angle 6 = 0°) and reset the
torque sensor. Testing: Connect the two chambers of the BFM to a
constant-pressure air supply; program the stepper motor to drive the
rotary mobile platform moving at a speed of 1°s'; record the torque
data at a sample frequency of 50 Hz. The bending angle follows a test
path: 0° = @/2 + 2.5° — —@/2 - 2.5° — @/2 + 2.5° — 0°. The data
in a reciprocating cycle (/2 + 2.5° — —@/2 - 2.5° — /2 + 2.5°) are
extracted as the torque-angle relation curve (Fig. 2A and movie S1).

Measurement of the state transition boundaries in the
phase diagram

The experimental setup for measuring the state transition boundaries
in the phase diagram is shown in fig. S8A. The pressures in the two
chambers are controlled independently. A laser sensor (HG-C1400-P;
Panasonic, Japan) is used to estimate and record the bending angle 6

0 = arctan =

: M
where L is the constant initial offset length (22 mm) and x is the
measured displacement.

We measure the state transition boundaries by varying P, at each
fixed P,. The value of P, ranges from 10 to 100 kPa with an interval
of 5 kPa. For each fixed P,, P; increases from —10 to 160 kPa at a
speed of 5 kPa s~ and then decreases back to —10 kPa (fig. S8B).
With P, varying, the BEM transitions from state II to state I and then
transitions back to state II. The points where state transitions occur
are the critical pressure combinations in the state transition bound-
aries in the phase diagram. The BFMs with default geometric pa-
rameters (w = 26 mm; ¢ = 70°% L;/L, = 1) are involved in this
measurement and three specimens are tested and averaged to re-
duce random errors.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1t0 518

Table S1

Legends for movies S1to S7

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S7
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