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S O F T  R O B O T S

Crawling, climbing, perching, and flying by FiBa 
soft robots
Terry Ching1,2,3†, Joseph Zhi Wei Lee1,2, Shane Kyi Hla Win1, Luke Soe Thura Win1,  
Danial Sufiyan1, Charlotte Pei Xuan Lim1, Nidhi Nagaraju1,2, Yi-Chin Toh4,5,  
Shaohui Foong1, Michinao Hashimoto1,2*

This paper introduces an approach to fabricating lightweight, untethered soft robots capable of diverse biomimetic 
locomotion. Untethering soft robotics from electrical or pneumatic power remains one of the prominent challenges 
within the field. The development of functional untethered soft robotic systems hinges heavily on mitigating their 
weight; however, the conventional weight of pneumatic network actuators (pneu-nets) in soft robots has hindered 
untethered operations. To address this challenge, we developed film-balloon (FiBa) modules that drastically reduced 
the weight of soft actuators. FiBa modules combine transversely curved polymer thin films and three-dimensionally 
printed pneumatic balloons to achieve varied locomotion modes. These lightweight FiBa modules serve as building 
blocks to create untethered soft robots mimicking natural movement strategies. These modules substantially reduce 
overall robot weight, allowing the integration of components such as pumps, valves, batteries, and control boards, 
thereby enabling untethered operation. FiBa modules integrated with electronic components demonstrated four 
bioinspired modes of locomotion, including turtle-inspired crawling, inchworm-inspired climbing, bat-inspired 
perching, and ladybug-inspired flying. Overall, our study offers an alternative tool for designing and customizing 
lightweight, untethered soft robots with advanced functionalities. The reduction of the weight of soft robots en-
abled by our approach opens doors to a wide range of applications, including disaster relief, space exploration, remote 
sensing, and search and rescue operations, where lightweight, untethered soft robotic systems are essential.

INTRODUCTION
Biological systems in nature have evolved to thrive in complex and 
unstructured environments by relying on soft, elastic, and flexible 
materials (1, 2). The emerging field of soft robotics aims to bridge 
the gap between rigid robotic systems and the pliable nature of liv-
ing organisms, focused on improving the robotic mimicry of organ-
ic organisms (3). Such organisms include worms, octopuses, geckos, 
and frogs, each of which uses locomotive strategies tailored to their 
specific environment (4–7). The potential for robots with soft bodies 
is immense: Their flexibility enables them to navigate constricted 
spaces that are inaccessible to their stiff-bodied counterparts, which 
may be crucial during disaster relief, space exploration, and other 
scenarios not suitable for traditional robotic systems (8, 9). Further-
more, the compliant nature of soft robots enables them to work 
safely alongside humans, minimizing the risk of injury in case of 
accidental collisions. We characterized soft robots as a whole system 
using flexible and deformable materials in their construction, such 
as flexible plastics, elastomers, and other compliant substances (10).

Current demonstrations of soft robots rely on external electrical 
or pneumatic power sources connected through physical tethers 
(11). These physical tethers restrict movement and limit the range of 
the robots. Untethering soft robotics from electrical or pneumatic 
power remains one of the prominent challenges within the field (8, 

12). There are limited examples of untethered soft robots (6, 13–18). 
Overcoming this challenge to establish functional untethered soft 
robotic systems hinges on weight reduction of these systems. Some 
efforts have focused on developing lightweight power components 
(19). Alternatively, the soft actuators themselves, a major contributor 
to the weight of soft robotic systems, are a target for weight reduc-
tion. Pneumatic network actuators (pneu-nets) are one common de-
sign of soft actuators (20–25). Various embodiments of pneu-nets—such 
as fiber-reinforced (26–31), multimaterial (32–34), buckling (35, 36), 
origami-inspired (37–40), and fabric/textile (41–43) soft actuators—are 
noteworthy in this context. Pneu-nets consist of pneumatically actu-
ating constructs primarily made of silicone rubbers (20). Because 
silicone rubber is a dense material (~1070 kg/m3), using pneu-nets 
increases the overall weight of the robot, posing challenges to 
untethered operations, especially when combined with additional 
electronic and power components (11). A comparison of two rep-
resentative pneumatically driven, untethered soft robotic systems 
shows that the weight of the hardware for actuation occupies a sub-
stantial percentage (more than 67%) of the weight of the overall ro-
bot (table S1) (15, 18). Typically, pneu-net actuators alone can weigh 
more than 500 g (6, 13–18). The increase in the weight of the ro-
botic systems correlates with higher power consumption, thereby 
limiting the systems’ operational capabilities. The weight dilemma 
is particularly critical for untethered aerial robots, because heavy 
actuators would render them unviable for mounting on flying ma-
chines or constructing entire wings using pneu-nets given the im-
mense power consumption required for maintained flight (44).

In this research, we aimed to reduce the weight of soft robots to 
achieve untethered operation by proposing an alternative design for 
soft actuators (Movie 1). The redesigned actuators incorporate two 
critical components: a three-dimensional (3D)–printed pneumatic 
balloon and a polymer film with transversal curvature, collectively 
termed FiBa (film-balloon) modules. A transversal curvature locally 
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imparts anisotropic rigidity to the film without increasing its weight 
and volume (45), which can be displaced by inflating balloons to 
generate different locomotions in the soft robots. The integration 
of the films and balloons enabled the creation of both bending 
actuators and beams with variable stiffness. FiBa modules drasti-
cally reduced the overall weight (less than 10 g for each actuating 
unit), making it possible to add lightweight pneumatic pumps, 
batteries, and a control board to realize untethered operations. We 
demonstrated the versatility of FiBa modules through four modes 
of untethered, biomimetic locomotion: turtle-inspired crawling, 
inchworm-inspired climbing, bat-inspired perching, and ladybug-
inspired flying. Crucially, the demonstration of flying machines was 
ensured only with the reduced weight of the actuator enabled by 
FiBa modules. Overall, this work designed a method of fabricating 
lightweight, untethered soft robots capable of (but not limited to) 
mimicking four basic modes of locomotion: crawling, climbing, 
perching, and flying. Crucially, biomimetic structures and locomo-
tion can be rapidly prototyped by redesigning the films and reposi-
tioning the FiBa modules, offering limitless customizability to 
mimic the complex locomotion of living organisms.

RESULTS
Experimental design
Existing pneu-nets made entirely of silicone exhibit a notable 
weightiness, making it challenging to incorporate additional power 
and control components to achieve untethered operation (8, 11, 12). 
Successful development of untethered soft robots requires further 
innovations in lightweight materials and actuator design. Here, we 
designed lightweight components to create actuators that we termed 
FiBa modules. We investigated two strategies to reduce the overall 
weight of the actuators. The first strategy involved using thin films as 
lightweight structural components, and the second strategy focused 
on using stiff silicone to decrease the weight of the pneu-nets. 
Simple modifications of thin-film polymer sheets via origami and 
kirigami approaches (for example, cutting, folding, and rolling) 
enable us to shape the films into desired configurations, facilitating 
the mimicry of natural locomotions.

To enhance the effectiveness of thin-film polymer sheets as 
structural components, we introduced transversal curvature to 
increase the stiffness of thin-film polymer sheets (45, 46). A single 
flat sheet of material is prone to twisting and bending. For example, 

a sheet suspended as a cantilever drastically deflects downward when 
a force is applied to the end of the cantilever (Fig. 1Ai). However, 
by incorporating transversal curvature similar to that found in a 
spring-return tape measure or party blow horn, the film achieved 
increased bending resistance. When a force was applied to the end 
of a cantilever with a transversal curvature, the resulting film bend-
ing deflection was notably diminished (Fig. 1Aii). When the con-
cave surface of the curvature was oriented upward, the bending 
deflection was reduced further, highlighting the anisotropic rigidity 
of curved films (Fig. 1Aiii). Using transversal curvatures, we selec-
tively added stiffness into the films to serve as either structural com-
ponents or actuators.

In addition to the use of transversal curvatures, we fabricated the 
pneu-nets using silicone with a high modulus of elasticity to reduce 
the weight of the robot. For instance, pneu-nets–based soft robots in 
reported studies use Ecoflex with a maximum modulus (at 100% 
elongation) of ~82.7 kPa (6, 22, 25). Instead, this work used Dragon 
Skin 30, a silicone rubber from Smooth-On, which exhibits a modu-
lus of ~593 kPa. The use of the stiffer material allowed for reduction 
of the mass of materials required to achieve the same strength.

By integrating curved thin films with 3D-printed silicone bal-
loons made from Dragon Skin 30 (Fig. 1B), we demonstrated two 
primary building blocks for soft robots: the FiBa bending module 
and the FiBa variable stiffness beam module. These FiBa actuators 
served as the basic building block for the soft robots demonstrated 
in this study. To create a FiBa bending module, we sandwiched a 
modular balloon between two polymer films in a curved configura-
tion. We reproducibly demonstrated bending motion when the bal-
loon was pneumatically inflated (Fig. 1C). The modular balloons 
were pneumatically coupled together using polytetrafluoroethylene 
tubing and silicone tubing of various sizes (fig. S1). Similarly, FiBa 
variable stiffness beam modules were created when combining two 
polymer sheets with a modular balloon (Fig. 1D). When deflated, 
the beam was foldable and rollable. However, when the balloon 
was inflated, the beam gained structural stiffness as the balloon 
exerted radial pressure on the inner surface of the polymer thin film, 
inducing a curvature that induced increased structural integrity to 
the beam.

By using the FiBa modules as building blocks, we drastically 
reduced the weight of the soft robots, allowing for the addition of 
additional payload for untethered operations. The untethered oper-
ation of pneumatic-powered soft robots requires the addition of 
electronic components such as a small pneumatic pump (~6 g), 
micro pneumatic valves (~5 g each), a battery (~9 g), and a micro-
controller (~3 g). We demonstrated fully untethered operations 
such as crawling, climbing, perching, and flying. Although this work 
focused on demonstrating four specific modes, the versatility of 
these FiBa actuators allows for adaptation to mimic a wide range of 
other locomotion modes.

Rigidity by curvature
The curvature of the thin film resulted in bending anisotropy. 
The anisotropic rigidity of transversally curved thin film has been 
studied in existing literature (45, 47–49), and our simulation results 
validated these findings (fig.  S2). The transversely curved surface 
(Fig. 1A, ii and iii) exhibited greater resistance to bending compared 
with a film without transversal curvature (Fig. 1Ai). The transversely 
curved surface resisted bending more effectively when force was 
applied normally to the concave side (Fig. 1Aii) than when applied 

Movie 1.  Overview of FiBa soft robotic actuators, highlighting their ability to 
replicate diverse locomotion modes.
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to the convex side (Fig. 1Aii). This crucial feature enables the work-
ing of the FiBa bending module. When the balloon between the 
two curved surfaces was inflated, the bending anisotropy resulted in 
bending only in one direction. To limit the bending to a predeter-
mined region on the polymer sheet, two small notches were incor-
porated on either side (Fig. 1C). The notches functioned as localized 
compliant hinges. Hence, the bend always occurred along the notch-
induced weakness when the balloon was inflated (50). The structure 
was required to revert to its original state when the balloon was 
deflated for repeated actuation cycles. As the structure was bent, it 
stored up elastic potential energy, allowing it to spring back to its 
original state when the balloon was deflated.

To understand the behavior of the structure with varying degrees 
of curvature, we investigated the effect of curvature on the spring 
force. This refers to the elastic potential energy of the structure that 
assists in returning it to its original shape when the applied bending 
force is removed. Our study focused on how different curvatures 
influenced this restorative spring force when the structure was bent. 
All five sets of specimens have the same arc length (S =  32 mm) 
(Fig. 2A). However, the five sets have different chord lengths (C = 22, 
24, 26, 28, and 30 mm) (Fig. 2A). A shorter chord length is indica-
tive of a greater degree of curvature. A self-locking mechanism was 
incorporated into the polymer thin film (fig. S3). Before the bending 
test, we prestressed the structure by repeatedly bending it from 0° to 
90° 10 times. Prestressing the structure ensured that the measured 
values represent a bending actuator subjected to multiple loading 
conditions after repeated usage. Our measurement suggested that, 
although the fatigue weakening after the initial bending was apparent, 

there was no observable weakening effect after many cycles of bend-
ing (n = 100, 200, and 300) (fig. S4 and Supplementary Methods). We 
therefore used the prestressed sample (n = 10) as the specimens for 
all subsequent measurements.

The bending test results of the specimens are summarized (Fig. 2, 
B and C). We observed the following trend for all of the specimens 
when the test was performed on the concave side: The measured 
load peaked at ~5-mm extension and dropped gradually until ~10-mm 
extension before gently increasing after ~10-mm extension. Gener-
ally, we found that a higher curvature resulted in a higher measured 
load. However, that trend only applied when the chord length was 
reduced from C = 30 to 26 mm. When the chord length was reduced 
further, the maximum load at ~5-mm extension was lower than the 
specimen, C = 26 mm (see Fig. 2B; C = 24 and 22 mm). We found 
that when C was less than 24 mm, permanent plastic deformation 
was observed (a permanent crease was formed) after prestressing 
the sample 10 times (fig. S5). We hypothesize that highly localized 
plastic deformation occurs readily with lower chord lengths, which 
weakens the flexural strength of the structure, thus recording lower 
peak loads than specimen C = 26 mm. As such, C = 24 mm and 
C = 22 mm were not the preferred choices of curvature in the 
following demonstration. We required our structures to be able 
to spring back (sufficient torque, τ) to their original configuration 
(θ = 0°) for the entire range of the bent angle θ (Fig. 2C). Figure 2C 
shows that all of the specimens have a torsional spring force of more 
than 6 N·mm throughout the full range of θ. In other words, 
throughout the range of θ, it has stored torsional potential energy to 
spring the structure back to its original position. Empirically, we 

C

D

A B

Fig. 1. Illustration of FiBa modules. (A) Illustrations depicting the anisotropic bending characteristics under force application: (i) a flat surface with no transversal curve, 
(ii) a transversally curved surface with force applied to the concave side, and (iii) a transversally curved surface with force applied to the convex side. (B) Schematic illustra-
tion of the method to fabricate the modular balloon. DIW, direct ink writing. (C) Illustration of combining polymer sheets and modular balloons to form the FiBa bending 
actuator. (D) Illustration of combining polymer sheets to form the FiBa variable stiffness beam.
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found that all the specimens with chord lengths between 22 and 30 
mm had sufficient bending stiffness, and they returned back to their 
original configuration.

To find the suitable degree of curvature for our robots, it is also 
essential to investigate the maximal bending load that the structure 
could withstand when the force was applied from the convex side. 
Sufficient bending stiffness from the convex side is required to 
prevent undesired structural failure; this is especially important 
because the curved surfaces have a secondary load-bearing func-
tion. The five sets of specimens with varying degrees of curvature 
were subjected to a three-point bending test from the convex side. 
We found that a higher degree of curvature resulted in a higher flex-
ural strength (Fig. 2D). A linear increase in load was observed until 
the structure buckled and failed at an extension of 7 to 10 mm.

Last, we also investigated the bending strength of the variable 
stiffness beam. The stiffness of the beam was varied by changing the 
pressure in the tubular balloon (Fig. 2E). We varied the pressure 
from 10 to 40 kPa while subjecting the beam to the three-point 
bending test. We observed that a higher pressure resulted in higher 
flexural strength. For example, when inflated with 10 kPa of pres-
sure, the beam could withstand ~0.5 N before buckling. However, 
when inflated with 40 kPa of pressure, the beam could withstand up 
to ~2 N before buckling. Crucially, when no pressure was applied, 
the variable stiffness beam could be folded and rolled into a com-
pact form factor. When the balloon was inflated by increasing the 
pressure, the structural rigidity increased. Our robots can adopt 

this capability to allow them to be folded for storage or transporta-
tion and subsequently inflated at the destination for operation.

Force by pneumatics
One of the main advantages of using a pneumatically powered 
actuator was the ability to generate a relatively large force with a 
small pressure above atmospheric pressure. The force generated, 
F, is a function of the applied pressure, P, multiplied by the sur-
face area, A

In our setup, the force was translated using a pneumatically 
inflated balloon. When the balloon was pressurized, it inflated and 
transmitted force (F) onto the surface it contacts (A). The magni-
tude of the transmitted force could be varied by changing the P or 
A. Increasing A would require increasing the size of the entire robot; 
therefore, it was preferable to increase P instead. It was imperative 
to select a suitable silicone variant that allowed effective increase 
of the applied pressure. The maximum permitted pressure of a 
spherical balloon, Pmax, is directly proportional to the modulus 
of elasticity, E, multiplied by the initial thickness of the balloon, t0, 
divided by the initial diameter of the balloon, d0 (51–53) (Supple-
mentary Methods)

F = P × A (1)

P
max

∝

Et
0

d
0

(2)

FE

A B C D

HG

Fig. 2. Characterization of curved structures and modular balloons. (A) Schematic illustration of the three-point bending test performed on the curved structures. 
(B) Graph summarizing the flexural strength of the curved structures when the test was performed on the concave side with relation to extension. (C) Graph summarizing 
resultant structural torsional force τs relative to a given angle θ. (D) Graph summarizing the flexural strength of the curved structures when the test was performed on the 
convex side. (E) Graph summarizing the flexural strength of the FiBa variable stiffness beam with different pressure. (F) Mean force (± SEM) of balloons of varying sizes in 
response to the input pressure (n = 3). (G) Mean force (± SEM) of balloons made from materials of different stiffness in response to input pressure (n = 3). (H) Illustration 
of the expansion characteristics of balloons made from (i) Ecoflex and (ii) Dragon Skin 30. (B to E) n = 3 for each line.
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In other words, three variables could be adjusted to increase the 
Pmax: increasing E, the modulus of elasticity of the balloon; increas-
ing t0, the thickness of the balloon wall; and reducing d0, the initial 
diameter of the balloon. Changing the thickness of the balloon wall 
was not favorable because increasing the thickness would inevitably 
increase the weight of the system. Similarly, reducing the initial 
diameter of the balloon was also excluded because it decreased the 
surface area, thereby lowering the force generated by inflation (Eq. 1). 
Figure 2F suggests that a balloon with a smaller diameter (15 mm) 
resulted in a lower transmitted force than a balloon with a bigger 
diameter (25 mm) when the same internal pressure, P, was applied. 
Therefore, the preferred method of increasing Pmax was to increase 
the modulus of elasticity of the balloon. To this end, we used Dragon 
Skin 30 because it has a higher modulus of elasticity (~592.9 kPa) 
than Ecoflex 00-50 (~82.7 kPa), approximately sevenfold.

Experimentally, we fabricated a balloon (diameter = 25 mm) 
with Ecoflex 00-50 sheets (thickness = 0.77 mm). We found that 
the Pmax of the Ecoflex 00-50 balloons was ~10 kPa (Fig.  2G). 
When additional air was pumped into the balloon, it continued to 
expand without increasing the internal pressure (Fig. 2Hi). As a result, 
the maximum force that the Ecoflex balloon could translate to the 
top and bottom surfaces (10 mm2 by 10 mm2) was ~3.9 N. However, 
when a silicone with a higher modulus of elasticity was used (Dragon 
Skin 30), we were able to increase the internal pressure steadily up 
to the upper limit of our micropump (45 kPa) (Fig. 2, G and Hii). 
Under this condition (internal pressure of 45 kPa), the force 
translated to the top and bottom surfaces reached ~5.9 N.

We assembled the transversally curved thin film with the Dragon 
Skin 30 balloons to create a FiBa bending actuator. The bending 
angle primarily depended on two factors: the applied pressure to 
the balloon and the number of balloons at the joint. Our initial 
experiment suggested that the maximum bending angle was less 
than 60° when only one balloon was used. To allow an increased 
range of bending, we used two balloons at each joint of the bending 
actuator for all subsequent works discussed in this paper. The range 
of the motion of this bending actuator was characterized (figs. S6 
and S8B). This actuator was able to achieve the motion between 0° 
(straight) and 90° (perpendicular) below 30 kPa. This range of 
input pressure was adequate for the actual operation because the 
maximum pressure that the miniaturized pump can generate was 
45 kPa in our experiment. During the inflation and deflation of the 
balloons, hysteresis was observed in the actuators, notably for the 
bending angle of 10° to 50° (with the input pressure of 5 to 10 kPa 
correspondingly). However, the hysteresis was not apparent for the 
bending angle greater than 50° (fig. S6).

We compared the performance of our FiBa actuator with that of 
the pneu-net actuator available in Soft Robotics Tool Kit (54). The 
pneu-net actuator required higher pressure to start bending than 
the FiBa actuator; this difference could be attributed to the ease of 
deformation of the FiBa actuator consisting of thin films. At high 
input pressure (50 kPa), the magnitude of the forces generated by 
the FiBa actuator and was comparable to that of the pneu-net ac-
tuator (fig. S7A). However, the normalization of the attained force 
by the body mass of the actuator suggested that the FiBa actuator 
could generate substantially higher forces (by nine times) per mass 
of the actuating module (fig. S7B). Overall, this experiment high-
lighted the advantage of the FiBa actuator for performance compa-
rable to those of existing actuators yet with substantially reduced 
mass of the actuator.

It is crucial to highlight that the micropump 1 in use (fig. S8A) 
exhibited a comparatively low flow rate, leading to sluggish actua-
tion speed (fig. S8, B and C). This particular micropump was se-
lected because of its low weight (~6 g). Opting for micropumps 
with higher flow rates would inevitably result in an augmented sys-
tem weight. This weight increase can be attributed to the necessity 
for a larger motor, demanding higher power and, consequently, 
bulkier and heavier battery (fig. S8A). Although a faster actuation 
response could be achieved using a pump with additional weight 
(fig. S8C), trade-offs among speed, weight, and power consumption 
were inevitable.

Turtle-inspired crawling robot
To demonstrate the versatility of our FiBa actuators, we first fabri-
cated an untethered robot that could move on land (movie S1). We 
took inspiration from the locomotion of a turtle. On land, a turtle 
uses its front limbs (front flippers) to propel itself forward (Fig. 3A). 
To mimic the locomotion of a turtle, we used four FiBa bending 
modules (two balloons in each actuator) and two lifting actuator 
modules (Fig. 3B). The entire robot was built using kirigami and ori-
gami of thin-film polyvinyl chloride (PVC) sheets (thickness = 0.18 mm) 
and a network of modular balloons pneumatically coupled to pumps 
and valves. The detailed assembly of the robot (figs. S9 and S10) and 
the schematic of the fluidic connection (fig. S11) are illustrated in 
the Supplementary Materials. The four bending FiBa modules 
served as flippers, acting as the four points of contact with the 
ground (Fig. 3Ci). The bending motion propelled the robot forward 
when the balloon was inflated to operate the actuators (Fig. 3Cii). 
After that, the flippers were returned to their original position. We 
designed a simple lifting actuator (Fig. 3B) that momentarily lifts 
the robot off the ground (Fig. 3Ciii). When the balloons in the flip-
pers were deflated, the flippers returned to their original positions. 
Last, a second pump was used to apply negative pressure to the 
balloons inside the lifting actuator, allowing the four flippers to 
contact the ground.

To achieve untethered operation, we used two electric-powered 
pneumatic pumps (one positive pressure pump and one negative 
pressure pump, ~6 g each), two valves (~5 g each), a microcontroller 
(~3 g), and a single-cell lithium-polymer (LiPo) battery (260 mAh, 
~9 g) (fig. S12). An infrared (IR) receiver was also incorporated to 
control the robot remotely. The combined weight of the power and 
control components was 40 g. The weight of the entire robot was 70 g.

Inchworm-inspired climbing robot
To demonstrate the ability to fabricate an untethered climbing robot, 
we took inspiration from the locomotion of an inchworm (Fig. 4A). 
The makeup of the climbing robot consisted of two grasping mod-
ules and two bending FiBa modules (two balloons were used in each 
actuator) (Fig. 4B). The detailed assembly of the robot (figs. S13 and 
S14) and the fluidic connection (fig. S15) are illustrated in the Sup-
plementary Materials. The grasping module consisted of three mod-
ular balloons encased in a circular loop made of PVC thin film 
(Fig. 4C). When the silicone balloons were inflated, they formed 
conformal contact with the pole, providing a firm grasping force 
sufficient to support the weight of the entire robot (68 g). The 
combined weight of the grasping module and FiBa bending module 
totaled 14 g; the power and control components totaled 54 g. Our 
experiments demonstrated the capacity of the robot to climb the 
pole vertically with the power and control components placed 
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underneath for untethered operation (Fig.  4D). Mounting the 
power and control components directly onto the moving elements 
(grasping modules or FiBa modules) altered its center of mass, and 
the overall stability of the climbing robot was compromised. To 
ensure uninterrupted climbing, we iteratively designed the climbing 
robot so that the power and control components were positioned 
to hang underneath the FiBa actuator that performs grasping.

The climbing robot climbs using a six-step process (Fig. 4E, movie 
S2, and fig. S15). In the first step, the top grasping module was acti-
vated by inflating the balloons and providing a firm grip on the pole 
(Fig. 4Ei). In the second step, the two bending FiBa modules were 
activated to lift the bottom grasping module and the payload con-
sisting of the power and control components (Fig. 4Eii). In the third 
step, the bottom grasping module was activated (Fig. 4Eiii). In the 
fourth step, the top grasping module was deactivated to release the 
grip on the pole (Fig. 4Eiv). In the fifth step, the bending FiBa module 
was deactivated, allowing the top grasping module to be raised 
(Fig. 4Ev). Negative pressure was supplied to the bending actuators 

in this step to ensure that the balloons were fully deflated. The top 
grasping module was activated in the sixth step, and the bottom 
grasping module was deactivated before the cycle was repeated 
(Fig. 4Evi).

To achieve untethered operation, we used two electrical-powered 
pneumatic pumps (one positive pressure pump and one negative 
pressure pump, ~6 g each), four valves (~5 g each), a microcontroller 
(3 g), and a single-cell LiPo battery (260 mAh, ~9 g) (fig. S12). An IR 
receiver was also incorporated to control the robot remotely.

Bat-inspired perching robot
Power-to-weight (or thrust-to-weight) ratio is a paramount con-
sideration for aerial robots. Conventional methods of fabricating 
pneu-net soft robotics grippers by casting usually consist of heavy 
silicone slabs unsuited for untethered flight (11, 15, 23, 55). As a quick 
comparison, the mGrip (Soft Robotics Inc., Bedford, MA, USA) four-
finger gripper weighs more than 270 g. The mGrip grippers were de-
signed primarily for the food processing industry and not for untethered 

C

D

A B

Fig. 3. Turtle-inspired crawling robot. (A) Illustration of the locomotion of a turtle. (B) Illustration of the actuation modules used in the crawling robots. (C) Step-by-step 
illustration of the locomotion of the crawling robot in one cycle. (D) Step-by-step photographs of the locomotion of the crawling robot in one cycle. Scale bar, 2 cm.
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operations; hence, weight consideration was not a priority. Here, we ex-
plored mounting a four-finger gripper on a quadcopter to achieve perch-
ing capabilities. We took inspiration from how a bat rests by perching on 
branches upside down (Fig. 5A). Although aerial robots have prov-
en helpful for remote sensing, inspection, and search and rescue applica-
tions (56), the limited flight time of most aerial robots (typically less than 
1 hour) hinders the practical applications of remote sensing, inspection, 
and search and rescue. It will thus be beneficial for aerial robots, such as 
quadcopters, to have the ability to perch and save energy (56, 57).

Using our FiBa modules, we achieved a lightweight gripper. We con-
structed a four-finger gripper using eight bending FiBa modules (two 
balloons were used in each actuator) (Fig. 5B). The detailed assembly of 
the robot (fig. S16) and the fluidic connection (fig. S17) are illustrated in 
the Supplementary Materials. Each finger consists of two bending 
actuator modules (Fig. 5C). The combination of the polymer thin film 
and the modular balloons weighs only 30 g. Including the power and 
control components, the entire gripper weighs 55 g; this is less than the 
payload that a commercially available quadcopter can easily carry.

CBA

E

F

D

Fig. 4. Inchworm-inspired climbing robot. (A) Illustration of the locomotion inchworm. (B and C) Illustration of the actuation modules used for the climbing robots. 
(D) Photograph of the climbing robot carrying the power and control components to highlight their respective weight. (E) Step-by-step illustration of the locomotion of 
the climbing robot in one cycle. (F) Step-by-step photographs of the locomotion of the climbing robot in one cycle. Scale bar, 1 cm (C); 2 cm (D to F).
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Using a modified weighing scale (fig. S18), we measured the 
grip force of the gripper with respect to the internal pneumatic 
pressure. A gripping force of 82.7 g (~0.81 N) was achieved when 
45 kPa of pneumatic pressure was applied (the maximum attain-
able pressure of the pump is 45 kPa). Coupled with silicone sleeves 
to increase the friction between the gripper and the gripped ob-
ject, we showed that the gripper could comfortably grip and lift a 
filled coffee cup weighing 322 g. This demonstration highlighted 
an untethered gripper capable of carrying five times its weight 
(movie S3).

Next, we mounted the gripper on a quadcopter. We used a DJI 
Mavic Mini quadcopter weighting 249 g. The gripper was positioned 
on the top of the quadcopter to avoid interfering with the flight sen-
sors (for example, obstacle avoidance sensors, ultrasonic sensors, 
and IR sensors), typically located beneath the quadcopter. The mod-
ified DJI Mavic Mini has an additional perching capability to save 
energy (Fig. 5G and movie S4). The quadcopter was remotely con-
trolled to align the gripper on a tree branch (Fig. 5G, i and ii). Next, 
the gripper was activated to close its jaws (Fig. 5Giii). After success-
fully closing the jaws, the quadcopter could throttle off to save en-
ergy (Fig. 5Giv). To unperch the quadcopter, the user first turned 
the throttle on before opening the jaws of the gripper (Fig. 5Gv). 
After opening the gripper, the user could control the quadcopter to 
leave the branch. We demonstrated that the gripper could effectively 
support its weight and the weight of the DJI Mavic Mini in the 
upside-down configuration.

We placed a 250-g weight to determine the duration needed 
to deplete the 260-mAh battery (movie S5). The gripper consisted 
of a two-way, normally open solenoid valve (fig. S17). Electrical 
energy was required to keep the valve closed when perching. Using 
a digital multimeter, we recorded a reading of 60 mA when the 
valve was closed. In addition, all pressurized systems lost pressure 
over time, albeit slowly. Our FiBa modules also lost pressure over 
time, likely because of the gas permeability through silicone. 
This pressure loss resulted in the gripper losing its grip. We pro-
grammed the micropump to be activated for 2 s after an interval 
of 5 min to replenish the loss of air pressure. We recorded a cur-
rent reading of 250 mA when the pump was activated. When a 
260-mAh, 3.7-V battery (~9 g) was used, the gripper could hold a 
weight of 250 g for 3 hours and 14 min before the battery was 
depleted (movie S5 and fig. S19). In comparison, the DJI Mavic 
Mini only has a flight time of 30 min (measured while flying at 
14 km/hour in windless conditions) when using a 1100-mAh, 
7.4-V battery (~100 g). We note that the existing power manage-
ment design for the gripper is not yet optimized (which is not 
within the scope of this study). As such, some improvement in 
grip duration could be anticipated with various modifications. 
For example, a normally open valve can be replaced with a nor-
mally closed valve to further save energy. A closed-loop pressure 
sensor could also be incorporated to measure the pressure loss 
within the pneu-nets and only activate the pump when the pres-
sure falls below a threshold value.
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Fig. 5. Bat-inspired perching robot. (A) Illustration of the perching motion of a bat. (B) Illustration of the actuation modules used for the perching gripper. (C) Photo-
graph of the perching gripper in the (i) open and (ii) closed state. (D) Mean grip strength (± SEM) of the gripper in response to varying input pressures applied to the 
modular balloons (n = 3). (E) Time-lapse photographs demonstrating the ability to grasp a filled cup of coffee. (F) Photograph of the perching gripper mounted on a DJI 
Mavic mini quadcopter. (G) Time-lapse photographs of the gripper undergoing perching on a branch. Scale bar, 4 cm (C); 2 cm (E and F); 5 cm (G).
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To the best of our knowledge, the ability to reduce the weight of an 
untethered pneu-net soft gripper to a level suitable to be mounted on 
a small-scale quadcopter has had limited demonstration in literature. 
This work provides a demonstration of using soft robotic grippers to 
perch on a branch or pole to save energy, which has immediate poten-
tial for practical applications. For example, the soft gripper could be 
immediately mounted on any existing drones to perch on hard-to-
reach places (for example, oil rigs, electric transmission towers, disaster 
zones) for remote sensing, inspection, and search and rescue op-
erations. Furthermore, the benefit of a soft robotic gripper over con-
ventional rigid joints is its ability to automatically conform itself to 
objects it is grasping onto. For instance, the gripper could grip branches 
or bars of various sizes without any preprogramming (fig. S20).

Ladybug-inspired flying robot
In practical applications, it is often necessary for objects to be large 
and sheetlike at the destination but small and compact during trans-
portation. For example, in the recently launched James Webb Tele-
scope, the sunshield was folded to fit into a rocket for the journey 
and then deployed once in space (58, 59). Similarly, in nature, we 
observe examples such as the ladybug, which tucks its wings neatly 
into a compact form when not in flight (60–62). When the ladybug 
intends to fly, it unfolds its wings into a sheetlike structure (Fig. 6A). 
To provide stiffness and strength to its wings when opened, the cross 
sections have a characteristic transversal curved shape (60). Inspired 
by nature, we applied similar principles to create an autonomous 
unfolding wing with the characteristic surface curvature that en-
hanced the wing stiffness and strength. We used the design principle 
of structural rigidity by curvature to create sufficient stiffness and 
strength for flight. By using our FiBa variable stiffness beam modules 
as the primary structural component of the wing, we made the wing 
readily collapsible when the embedded balloons were not inflated, 
allowing rolling and folding. Figure 6B suggests that the wing could 
be rolled and folded to a compact footprint (length = 140 mm) suit-
able for transportation when the balloons in the FiBa variable stiff-
ness beam modules were not inflated. When the balloons in the 
variable stiffness beam were inflated, the wingspan was extended to 
375 mm (Fig. 6C). Crucially, we showed that the variable stiffness 
wing had sufficient stiffness and strength to hold a load (motor and 
propeller) of 7 g when suspended as a cantilever from one end.

To demonstrate its flight capability, we replaced the wing compo-
nent of the single actuator monocopter (63) with our foldable wing 
(Fig. 6Di). The foldable wing was fabricated using thin-film polymer 
sheets [polyethylene terephthalate (PET)] and FiBa variable stiffness 
beams. The detailed assembly of the robot (fig. S21) and the fluidic 
connection (fig. S22) are illustrated in the Supplementary Materials. 
Two FiBa variable stiffness beam modules were included in the 
wing, highlighted in pink (Fig. 6D). The two FiBa variable stiffness 
beams provided structural rigidity crucial to flight (Fig. 6Dii). In 
addition, the FiBa variable stiffness beam functioned as the actuat-
ing unit that autonomously unfolded the wing before flight. Next, 
we included an airfoil segment to the wing as highlighted in tur-
quoise (Fig. 6D). The airfoil segment consisted of a series of tubular 
balloons coupled together embedded inside the polymer thin film 
(fig. S21, C to E). The airfoil segment serves two main purposes: 
It provides a quasi-airfoil profile to enhance lift generation during 
flight and acts as a structural element to prevent torsional forces. 
Lastly, a motor with a propeller was attached to the end of the 
wing (Fig. 6Div).

We demonstrated the ability to unfold the wing autonomously 
(Fig. 6E, i to v) and immediately transit to flight (Fig. 6Evi and movie 
S7). The monocopter flies by spinning about its center of gravity, 
similar to the naturally occurring flight of the maple seed. Its thrust 
unit (the motor with propeller) provides both thrust to maintain the 
spin rate and control in five degrees of freedom. The inflated wing 
provides the necessary aerodynamic forces and torque at an appro-
priate spin rate to keep the craft aloft and maintain an appropriate 
pose. To increase altitude, the thrust unit increases thrust, causing 
the monocopter to spin faster and generate more lift from its wing. 
To move laterally, the thrust unit is modulated cyclically at every 
rotation, creating an imbalance in the lift, which tilts the rotation 
plane of the monocopter and causes it to move in the desired direction.

A monocopter with a semirigid foldable wing was presented in 
our previous work (64). The semirigid foldable wing required 
human intervention to perform the unfolding process. Because the 
wing consisted of strips of balsa wood joined together with lami-
nated plastics, it could only be folded in a predetermined configu-
ration. The current wing construction was completely soft, suggesting 
that it could be folded, rolled, and even crushed when the modular 
balloons were not inflated. Crucially, the current work allows for 
autonomous unfolding, unlocking new possibilities such as de-
ploying the folded monocopter mid-air, unfolding itself, and tran-
sitioning into flight. In addition, by regulating the structure of 
tubular sections in the wing section, it is possible to shape them into 
the desired airfoil type, which can increase the efficiency of the flight.

CONCLUSION
This paper presents a unique approach to fabricating lightweight 
and untethered soft robots capable of mimicking a range of locomo-
tion found in nature using FiBa modules. The FiBa modules were 
designed to overcome the weight limitation of conventional silicone-
based actuators, enabling untethered operations for soft robots. 
By combining thin-film polymer sheets with 3D-printed silicone 
balloons, the FiBa modules substantially reduced the weight of the 
robots while maintaining their functionality. Four modes of unteth-
ered locomotion were demonstrated in this paper: turtle-inspired 
crawling, inchworm-inspired climbing, bat-inspired perching, and 
ladybug-inspired flying. The versatility of this approach to constructing 
soft robots can be instrumental in resource-constrained settings 
(such as rural areas and space exploration). A wide range of loco-
motion modes can be replicated by using a core set of commercial 
electronic components (for example, batteries, valves, pumps, and 
microcontrollers) and raw structural materials (for example, polymer 
thin film and modular balloons). There are limited demonstrations 
of an untethered soft robot light enough to be efficiently coupled to 
aerial machines. The ability to add perching capabilities to existing 
quadcopters should find immediate applications in remote sensing, in-
spection, and search and rescue missions. The autonomous unfolding of 
a soft wing could open new avenues, such as the deployment of a folded-
wing payload from high altitudes and the subsequent autonomous 
unfolding of its wing to initiate controlled flight and landing.

This study demonstrates a tool for designing and customizing 
lightweight, untethered soft robots with advanced functionalities. 
Beyond reducing weight, FiBa modules offer the unique advantages 
of tuning beam stiffness and enabling shape morphing through 
unfolding. These capabilities allow for adaptable performance across 
a wide range of applications. The customizable design and ease of 
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Fig. 6. Ladybug-inspired unfolding wings. (A) Illustration of a ladybug unfolding its wings. (B) Photograph of the soft-wing monocopter in the folded state. (C) Photo-
graph of the soft-wing monocopter in the extended state. (D) Top view photograph of the monocopter and the corresponding photographs highlighting the (i) PCB 
mount, (ii) variable stiffness beams, (iii) airfoil module, and (iv) trust unit. (E) Time-lapse image of the monocopter undergoing autonomous unfolding and subsequently 
transiting into flight. (F) Z-​X coordinates of the optical marker mounted on the wing during autonomous unfolding at selected time points (tracked using the OptiTrack 
motion capture system). Dotted lines represent the paths taken by each optical marker, and the solid lines illustrate the shape of the wing at each given time point. 
Scale bar, 1 cm (D); 2 cm (E).
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fabrication inherent to the modularity of FiBa units offer roboticists 
a practical and cost-effective solution. In addition, the energy effi-
ciency of the system due to the reduced weight contributes to 
prolonged untethered operation, making FiBa modules well suited 
for applications ranging from disaster relief and space exploration to 
search and rescue operations. The reduced weight should not only 
enable seamless integration of additional components but also facili-
tate the exploration of innovative designs, broadening the spectrum 
of practical applications in soft robotics.

MATERIALS AND METHODS
Materials
Ecoflex 00-50, Dragon Skin 30, and Sil-Poxy were purchased from 
Smooth-On (Macungie, PA, USA). Clear PVC binding sheets (A3, 
thickness = 0.18 mm) were purchased from Art Friend (Singapore, 
Singapore). PET films (laminating pouch, A3) were purchased from 
General Binding Corporation (Northbrook, IL, USA). Tapered 
nozzles were purchased from Aliexpress (Hangzhou, China).

Fabrication of modular balloons
The modular balloons were fabricated using protocols developed 
in previous works (65). Briefly, silicone adhesive was loaded into a 
pneumatic syringe and mounted on the direct ink writing printer 
(SHOTmini200SX, Musashi Engineering, Tokyo, Japan). A tapered 
nozzle of 22G was fitted to the pneumatic syringe. The toolpath 
was first designed in Rhinoceros (Robert McNeel & Associates, 
Seattle, WA, USA) and was converted to the MuCAD format (pro-
prietary format for Musashi dispenser analogous to Gcode) using 
a script written in Grasshopper (Robert McNeel & Associates, 
Seattle, WA, USA). A silicone sheet was placed on the print bed, 
and the silicone adhesive was printed on the silicone sheet. Next, 
silicone tubing was positioned over the printed line. Another layer 
of silicone sealant was printed over the first to ensure that the adhe-
sive completely covered the silicone tube. Last, a second sheet of 
silicone was gently placed on the printed pattern and allowed to 
cure for 24 hours. The silicone sheets for the circular balloons were 
cast between two glass panels (20 mm by 20 mm). A PVC sheet 
was placed on the first glass panel to facilitate easy demolding of 
the silicone sheet. To ensure that the PVC sheet was completely 
flat against the glass panel (with no trapped pockets of air), we first 
sprayed a thin coat of water on the glass panel before placing the 
PVC sheet over it. Trapped air bubbles between the two surfaces 
were removed by gentle rolling using a roller. Next, uncured Dragon 
Skin 30 was poured on the panel with the PVC sheet. Then, spacers 
of 0.77 mm were positioned at all four corners, and the second 
glass panel was slowly angled over the uncured Dragon Skin 30, ensur-
ing that no air bubbles were trapped in the process. A heavy object was 
placed over the second glass panel to press out any remaining uncured 
Dragon Skin 30. The silicone sheets were cast between two A3-sized 
polymethyl methacrylate sheets for the tubular balloons. Spacers with a 
thickness of 0.3 mm were used. The spacers were created by layering six 
layers of Scotch Magic tape (3M, Saint Paul, MN, USA).

Design and fabrication of turtle, inchworm, and 
perching robot
The robot frames were fabricated using PVC sheets (thickness =  
0.18 mm). Cutting files were first designed in Rhinoceros (Robert 
McNeel & Associates, Seattle, WA, USA) and converted to .dxf 

format CAD files, as required by the cutting plotter software. The 
.dxf files were then imported to the cutting plotter software Silhou-
ette Studio (Silhouette America Inc., Lindon, UT, USA). The sheets 
were cut using the Silhouette Cameo 2 (Silhouette America Inc., 
Lindon, UT, USA). After cutting, all the parts were snap-fitted to-
gether with the self-locking mechanism incorporated in the design 
of the sheets (fig. S3). The illustrations for assembly and fluidic 
connection of the robots are summarized [figs. S9 to S11 (turtle), 
figs.  S13 to S15 (inchworm), and figs.  S16 and S17 (perching 
gripper)].

Design and fabrication of the ladybug-inspired wing
The wing was fabricated using PET films (thickness = 0.05 mm). 
Markings were measured by hand on the PET film to indicate the 
sewing lines (fig. S21A). First, part no. 1 was sewn onto part no. 2 
along the sewing lines, as shown in fig.  S21A using a sewing 
machine (Janome HD5000, Tokyo, Japan). Next, part no. 2 was 
sewn onto part no. 3. Last, part no. 3 was folded and sewn to create 
the sleeves for the modular balloons (fig. S21A). To facilitate the 
insertion of the modular balloon into the sleeves, the balloons 
were first coated with a thin coating of talcum powder (Johnson & 
Johnson, New Brunswick, NJ, USA) to minimize the friction be-
tween the silicone and the PET sheets. The modular balloons were 
pneumatically coupled as illustrated (figs. S1 and S22).

The design of the flying craft follows closely the original de-
sign and mechanical makeup described in (63). A printed circuit 
board (PCB) mounts and connects the avionics (microcontroller, 
electronic compass, voltage regulator, radio receiver, and battery) and 
provides structure to the main body of the craft. Holes were 
punched in specified locations on the fabricated wing using a 2-mm 
biopsy punch to allow the PCB to be securely fastened to the 
wing using mechanical fasteners. The pneumatic pump was mounted 
underneath the PCB with two key design considerations: meeting 
the center of gravity requirements for monocopter flight and mini-
mizing interference with the electronic compass.

Statistical analysis
All error bars in this paper were calculated using the SEM for each 
condition, reflecting the variability of the data. Statistical differences 
among conditions were assessed using two-sample t tests. Lev-
els of significance are indicated by asterisks: ****P  <  0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05, and ns, nonsignificant out-
comes (P ≥ 0.05).

Supplementary Materials
The PDF file includes:
Figs. S1 to S24
Table S1
Methods

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S7
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Editor’s summary
Many soft robots rely on external electrical or pneumatic power sources accompanied by a physical cumbersome
tether limiting the robots’ range. To achieve untethered operation, Ching et al. combined a three-dimensionally
printed pneumatic balloon and a curved polymer film to form a soft actuator termed film-balloon, or FiBa, actuator.
These bending actuators are substantially lighter than other pneumatic actuators and can be combined with
onboard pneumatic pumps, batteries, and controllers for untethered operation. The versatility of these actuators is
demonstrated in various biomimetic robot designs that can crawl, climb, perch, and fly. Untethered robots capable of
complex modes of locomotion could prove useful in remote operations such as rescue missions and space exploration.
—Melisa Yashinski
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